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PERFORMANCE EVALUATION OF A G.dmt-COMPLIANT DIGITAL 
SUBSCRIBER LINE SYSTEM 

The present application claims priority to U.S. Provisional patent 
application serial number 60/239,81 1 filed on October 12, 2000, entitled 
"Performance Evaluation of Multicarrier Channels," by inventors Vlad Mitlin, Tim 
Murphy, Richard G.C. Williams, and A. Joseph Mueller (Attorney Doc. 
No. 3Com-72/Prov), which is incorporated herein by reference in its entirety. 

The present application is related to application serial nuipiber 
09/689,367 filed on October 12, 2000, entitled "Method of Selecting Liitialization 
Parameters for Multi-channel Data Communication with Forward Error Correction," 
by inventors Vlad Mitlin, Tim Murphy and Richard G.C. Williams (Attorney Doc. 
No. 3Com 3329-1) which is incorporated herein by reference in its entirety. 

FIELD OF THE INVENTION 

The present invention relates to multi-carrier data communications; 
and, more particularly, to evaluating the performance of multi-carrier channels to 
select transmission parameters comprising forward error correction (FEC) parameters 
in a G.dmt compliant transmission system. 

BACKGROUND OF THE DISCLOSURE 

Demand for digital subscriber line (DSL) service across existing 
twisted pair copper wires between a central office and a remote location is increasing. 
Typically, DSL services operate in accordance with DSL standards reconmiended by 
the Telecommunication Standardization Sector of the International 
Telecommunication Union (ITU). A family of DSL Recommendations from the ITU 
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includes: G.992.1, G,992.2, a99Ll, 0.996.1, G.994.1, G.997.1 and G.995.L 
Recommendation G.995.1 provides an overview of these standards. 
Recommendations G.99L1, G.992.1, G.992.2 have developed techniques for 
transmitting a range of bit rates over the copper wires of the local network including 
5 high bit rates at relatively short distances, and lower bit rates at longer distances. In 
particular, the G.992.1 and G.992.2 recommendations are based on asymmetric 
digital subscriber line technology that has different data rates in each direction of 
transmission. The G.992. 1 recommendation is referred to as G.dmt and requires a 
splitter, which filters the voicegrade signals at the remote location. The G.992.2 
10 recommendation is referred to as G.lite and does not require a splitter. 

Recommendations G.994.1, G.996.1 and G.997.1 support the G.992.1 and G.992.2 
recommendations by providing common handshake, management and testing 
procedures. These standards allow substantial flexibility in implementation. 

15 Reed-Solomon encoding is a method of forward error correction used 

in DSL communications to detect and correct transmission errors, effectively 
increasing the signal-to-noise ratio of the conamunications channel. By encoding 
information, errors may be reduced without decreasing the data rate. In 
Reed-Solomon encoding, redundant symbols are added to information symbols to 

20 allow errors to be detected and corrected. As the number of redundant symbols 

increases, a greater level of noise may be tolerated. Among the transmission 
parameters to be selected in DSL communications are FEC parameters for 
Reed-Solomon encoding. The FEC parameters deternaine the amount of information 
data in an information field, and a number of redundancy symbols that are associated 

25 with the information field. 

To initiate a DSL communication session, Reed-Solomon encoding 
parameters for forward error correction (FEC) are selected. During initialization, the 
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channel is analyzed and FEC parameters are determined and exchanged. While the 
ITU recommendations proscribe protocols for initialization, the ITU 
recommendations do not describe how the ATU equipment at the central office 
(ATU-C) or the remote user location (ATU-R) should act on data produced by the 

5 channel analysis or how the ATUs should select FEC parameters. The 

recommendations set a bit error rate standard (BER) of 10"^, but provide no guidance 
on selection of FEC parameters to most effectively achieve that bit error rate. 
Therefore, a method and apparatus of selecting FEC parameters based on available 
channel analysis data is needed. The FEC parameters should also yield a target bit 

10 error rate. The method and apparatus should select FEC parameters in a G.dmt 
compliant transmission system. 



SUMMARY OF THE INVENTION 



15 A method and apparatus selects forward error correction parameters in 

a channel having a plurality of subchannels in a multicarrier conomunications system. 
A signal-to-noise ratio representing a subset of the subchannels is determined. A 
number (s) of discrete multi-tone symbols in a forward-error-correction frame, a 
number (z) of forward-error-correction control symbols in the discrete multitone 

20 symbol associated with the signal-to-noise ratio, a number of subchannels associated 

with the signal-to-noise ratio, and a net coding gain for different values of s, z, 
signal-to-noise ratios and numbers of subchannels is stored in a table. Forward error 
correction parameters of the channel are selected based on the net coding gain by 
applying an approximation to a subset of values in the table. 



In particular, the method and apparatus are applied to a DSL system 
compliant with the G.dmt standard. A subset of the tables generated for the G.dmt may 
be used in a DSL system compliant with the G.lite standard. 



-4- 



In another aspect of the invention, a method and apparatus select forward 
error correction parameters while optimizing the bit load of a subchannel. Various 
relationships are presented which may be used to determine the optimum bit load per 
subchannel by selecting a maximum number of errors that can be corrected and a size of 
5 the information field of a frame. 

BRffiF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a block diagram of a digital subscriber line (DSL) modem at a 
10 central office, transmission line, and DSL modem at a remote terminal. 

Fig. 2 depicts an eight-point G.992.2 signal constellation. 

Fig. 3 depicts the 1/Q)(b) dependence determined from numerical 

15 simulations. 

Fig. 4 depicts the l/co(b) dependence determined from a method in 
accordance with an embodiment of a method of the present invention. 

20 Fig. 5 is a flowchart of an initialization procedure in accordance with 

an embodiment of the present invention. 

Fig. 6 depicts two possible types of the pe(k) behavior when the 
maximum number of transmissions k is large. 

25 



Fig. 7 A illustrates data flows of a communications circuit in 
accordance with an embodiment of the present invention. 
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Fig. 7B illustrates data flows of a *'no data upstream - no 
acknowledgement downstream" circuit model of the communications circuit of 
Fig. 7A. 

5 Fig. 7C illustrates data flows of a "no data downstream - no 

acknowledgment upstream" circuit model of the communications circuit of Fig. 7A. 

Figs. 8 A and 8B depict a relationship between the channel throughput 
values in the upstream and downstream directions. 

10 

Fig. 9 is a flowchart of an initialization procedure in accordance with 
an embodiment of the present invention that specifies a maximum number of 
transmissions. 

15 Figs. lOA and lOB illustrate an exemplary initialization protocol in 

accordance with the 1999 version of the ITU G.992.1 Recommendation. 

To facilitate understanding, identical reference numerals have been 
used, where possible, to designate identical elements that are conamon to some of the 
20 figures. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The following description has three sections. In section I, a method of 
25 determining forward error correction parameters in a discrete multi-tone system is 

described. Section I also describes the selection of forward error correction 
parameters in a discrete multi-tone system that uses ARQ. Section II describes the 
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role of ARQ in further detail. In section HI, optimal FEC parameters for G.dmt 
compliant asynmietric digital subscriber line systems (ADSL) are described. 

L Determining Forward Error Correction Parameters in a Discrete 
5 Multi-Tone System 

Referring to Fig. 1, a block diagram of an exemplary discrete 
multi-tone (DMT) communications system or channel 20 is shown. In one 
embodiment, the DMT communications system 20 is a DSL system. The DMT 

10 communications system 20 connects to a core network 22 at a central office 24. The 
core network 22 may include functions such as a concentrator, a switch and interfaces 
to broadband and narrowband networks. The DMT conmiunications system 20 has a 
modem 26 at the central office 24 and a modem 28 at a remote terminal 30 that are 
interconnected by a transmission line 32. The modems 26, 28 implement a 

15 multicarrier transmission method in accordance with the present invention. The 

modem 26 at the central office 24 includes a processor (CPU) 34, a 
transmitter/receiver (Tx/Rx) 36, and a memory 38, which are interconnected by a 
bus 39. The memory 38 stores a modem driver procedure 40 that is executed by the 
processor 34, tables 42 in accordance with various embodiments of the present 

20 invention, a buffer 44 to store at least one frame of data for retransmission in certain 
embodiments if needed, and a maximum number of transmissions (MNT) value 46 
when ARQ is used. At least a subset of the tables 42 store FEC parameters. The 
modem driver procedure 40 includes an initialization procedure 48 that generates the 
various tables of the present invention. In an alternate embodiment, the initialization 

25 procedure 48 is not executed once, but may be executed periodically to monitor the 

data, update the tables 42, and adjust the FEC parameters, if needed, during system 
operation. The memory 38 may be implemented using RAM or ROM, or a 
combination thereof. In an alternate embodiment, the modem driver procedure 40, 
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and/or portions thereof, may be implemented in hardware, for example, using an 
application-specific integrated circuit (ASIC). 

The modem 28 at the remote terminal 30 includes the same 
5 components as the modem 26 at the central office 24, and also includes an external 
interface 50 to connect to a computer system. The external interface 50 may be a 
PCI, internet, or USB interface. In an altemate embodiment, the modem 38 is 
internal to the computer system. 

10 The communications channel uses a discrete multitone (DMT) signal 

to carry data downstream and upstream on the transmission line 32. The downstream 
direction is from the central office 24 to the remote terminal 30; and the upstream 
direction is from the remote terminal 30 to the central office 24. Typically, higher 
data rates are supported for transmitting data in the downstream direction than the 

15 upstream direction. The DMT signal comprises multiple subchannels, each of which 
is assigned a frequency belonging to a discrete frequency band. Because individual 
subchannels operate at different frequencies, the subchannels may have different 
operating characteristics. For instance, more power may be used at higher 
frequencies. Different numbers of bits may be loaded on different subchannels in 

20 accordance with their capacity, which depends on frequency, power, signal-to-noise 
ratio and other signal and transmission line characteristics. 

In one embodiment, a method evaluates the performance of a DMT 
system that comprises FEC to select FEC parameters. In another embodiment, a 
25 method evaluates the performance of a DMT system that comprises both FEC and 

ARQ to select the FEC parameters and the maximum number of transmissions. 
These methods are based on general analytical results for quadrature amplitude 
modulation. More particularly, the signal transported by each subchannel is produced 
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by a quadrature-amplitude-modulation (QAM) modem. The signals produced by 
different QAM modems are combined to provide the DMT symbol for transmission. 
As will be shown below, for not very poor quality DMT channels, DMT channel 
performance is equivalent to the performance of a single QAM modem with 
5 characteristics derived from an average taken over all, or alternately at least a subset 

of, subchannels. This reduces the complexity of evaluating the performance of the 
DMT channel. 

In another embodiment, the method is applied to DSL systems 
10 compliant with the International Teleconmiunication Union (ITU) Recommendation 

G.992.2 standard. The G.992.2 standard specifies allowable sets of Reed-Solomon 
code parameters that are applied equally across all subchannels. The optimal coding 
parameters are found depending on the signal-to-noise ratio (SNR) distribution over 
the channel's frequency band and on the number of subchannels used. In an alternate 
15 embodiment, the present invention can be applied to any multi-carrier system. 

In yet another embodiment, a relationship between the output error 
rate of the system and the coding parameters selected for a given channel error rate is 
determined. This relationship is used to determine a maximum number of bits 
20 supported by a DMT symbol. In another embodiment, a "mean-field approximation" 

is applied to reduce the complexity of selecting coding parameters. In another 
alternate embodiment, results for the optimization of a G.992.2-compliant modem are 
presented. 

25 1. Analyzing Channel Performance 

The performance of the channel will now be analyzed. Consider data 
transmission between two modems where a Reed-Solomon (RS) code is used for FEC 
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in combination with a cyclic redundancy check (CRC). Data is transmitted in 
information frames. Each information frame of length N has an information field of a 
length of K RS symbols, a CRC field of a length of C symbols, and a redundancy 
field of a length of R symbols. The length of the redundancy field R determines a 
5 maximum number of symbol errors t that the Reed-Solomon code can correct. The 
channel introduces an error rate of pe into the RS symbols. 



In this description, an information frame with t or fewer symbol errors 
will be corrected by FEC. An information frame with more than t symbol errors will 
10 pass through FEC with remaining errors. The CRC will then detect those errors and 
the frame will be retransmitted. 



The probability p of an information frame being accepted by this 



15 



scheme is: 



P^i^Pei^-PeT' 



i=0 



I 



(2.1) 



and 1-/7 is the probability of an information frame being rejected and retransmitted. 



20 



25 



The above definition can be generalized if erasures are used in the 
decoding procedure. If Cr positions of supposedly unreliable RS symbols (erasures) 
are made known to the decoder then a direct consideration of the Reed-Solomon 
decoding procedure, yields the following expression for t, the maximum number of 
errors that can be corrected by FEC with redundancy R: 



t- 



(2.2) 
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The number of erasures cannot exceed the length of the redundancy field R, i.e., 
er<R^ It follows from Equation (2.2) that R is the maximum number of errors 
corrected by introducing erasures (reached at er=R)i and R = er=Oin the uncoded 
case. 



10 



The fraction of erroneous RS symbols in the output stream after all 
detection, correction and retransmission is performed, the "(RS) symbol error rate" 
(SER), can be estimated using Equations (2.1) and (2.2). An information frame at the 
receiver has errors only if the information frame has not passed through EEC and 
CRC, without error, after k transmissions. An information frame with a number of 
errors / greater than the maximum number of correctable errors t will be encountered 
in the output stream with probability qi'm accordance with the following equation: 



15 



20 



^,=(i-prv;(i-/^.r|^ 



J 



(2.3) 



Equation (2.3) means that more than t errors were found in the frame in each of the 
first k-l transmissions, and i>t errors were found after the last transmission allowed. 
The rest of the output stream is error-free. Thus the SER is determined in accordance 
with the following relationship: 



i-l 



ip'.ii-p.ri 1 

J=t+\ \ i )_ 



k-\ 



(2.4) 



In Equation (2.4), the maximum number of correctable errors t is determined by 
Equation (2.2) which accounts for the possible use of erasures in the decoding 
25 scheme. The SER tends to zero when the maximum number of transmissions k is 

large. When information frames are transmitted once, the maximum number of 



transmissions k is equal to 1, and the SER is determined in accordance with the 
following equation: 



'n-\\ 



(2.5) 



i-l 



J 



Another useful parameter is the average number of transmissions v for 
a frame to reach the output stream. The average number of transmissions vcan be 
expressed in accordance with the following relationship: 



Equation (2.6) means that a frame either is good after FEC at the first, or the second, 
or the {k-lf" transmission, or the frame is acknowledged to be non-correctable at the 
li"^ transmission and is still passed to the output stream. Summing the series of 
Equation (2.6) yields the following relationship for the average number of 
transmissions v: 



v = l*/7-f2-p(l-/7) + .. + fe-i7(l-;?)"+fe'(l-/?)' 



(2.6) 



\-{kp + \){\-pf 
P 



+ k{\-pf^ 



\-(X-pf 



P 



(2J) 



Using Equation (2.7), the average number of transmissions v is equal to 1 when the 
maximum number of transmissions k is equal to 1. 
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2. 



Determination of the uncoded SER from the SER after FEC and 



ARQ 



If £ represents a specified BER level for the data at the output of the 



receiver after demodulation and applying error control, then the SER level Ss is 
determined in accordance with the following relationship: 



where a is the number of bits per RS symbol, and the coefficient accounts for the 
effect of a descrambler. For a scrambler polynomial with niscr nonzero coefficients, 
the coefficient fih approximately equal to the number of nonzero coefficients niscr 
{(3 ffiscr)' Typically, the number of bits per RS symbol ais equal to eight, and the 
specified SER level £s is equal to 10'^. The SER determined in the previous section 
(Equations (2.4) and (2.5)) depends on the channel symbol error rate, In this 
section, this dependency will be inverted, i.e., the channel symbol error rate pe will be 
presented in the form of a function of the ^£7? after FEC and ARQ. First the channel 
symbol error rate pe is determined in the case of no ARQ. At the SER level of 




(3.1) 



SER{t,K,p^ [t, K)) = £s«l 



(3.2) 



Using Equation (2.5), Equation (3.2) can be rewritten as follows: 
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N 

I 



i-l 



(3.4) 



Applying the Burmann-Lagrange method to Equation (3.3) yields the 
following equation for the channel symbol error rate pei 

p,=W{t,K)el'^'^'^ + 0{s's'^'''^l W{t,K)=w{0) (3.5) 



Since 



10 



N=K+C+R 



(3.6) 



15 



Equation (3.4) can be rewritten as follows: 



W{t,K) = 



(3.7) 



When ARQ is considered. Equation (3.3) has the following form (compare to 
Equation (2.4)): 



(3.8) 



20 



Equation (3.8) can be reduced to the following form: 
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W\ 



, where 



(3.9) 



Ip'ril-Pj-' 



lpr(}-pj-] 



(3.10) 



5 The solution of Equation (3.9) is: 



( 2 \ 
,(f+l)fc 



W(f,i^,it) = w(0) 



(3.11) 



10 



W(f,^,fc): 



fK+C+R ' 



f+1 



(3.12) 



When a frame is transmitted once (k=\). Equation (3.12) reduces to the form of 
Equation (3.7). 

The uncoded bit error rate ph corresponding to the channel symbol 
15 error rate pe is found in accordance with the following relationship: 



p.=i-(i-p.r 



(3.13) 



20 



that, when combined with Equation (3. 11), yields the following equation: 



p,=^-{i-Per=^- 



(3.14) 
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The average number of transmissions vthat was calculated in the 
previous section could also be evaluated using the approach presented above. The 
probability p of an information frame being accepted, defined in Equation (2.1), can 
be represented as follows: 



p=tp:ii-pji%i-prtp:-'-'{i-pj-f] (3.15) 



Combining Equation (3.15) with Equations (3.11), (3.12), and (3.6) yields: 



10 



p = l-W''''{t,K,k)£^ 



i/k\ 

s 



t+1 



1 + 0 


( ^ \ 

{t^\)k 


= 1- 




J_ 


\ ) 




^ + 1 _ 



(3.16) 



Introducing Equation (3.16) into Equation (2.7) yields the following relationship for 
the average number of transmissions v: 



15 



V = 



K + C + R \ 
1 £ 



V 



f + 1 



^ (K+C+R 



(3.17) 



20 



The Burmann-Lagrange method allows higher-order terms in 
Equation (3.5) to be obtained. For instance, in the case when the maximum number of 
transmissions k is equal to 1 {k= 1), the channel symbol error rate pe can be 
represented as follows: 



K + C+R-t-\ 



(3.18) 
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In simulations, applying the second-order correction of Equation (3.18) for typical 
G.992.2 parameters yielded no more than a 1% change in the channel symbol error 
rate p^. Thus, at least the second-order and higher terms can be neglected when 
5 finding the channel symbol error rate pe in this embodiment. In an alternate 

embodiment, the second-order term is not neglected, but higher order terms may be 
neglected. 

The behavior of the channel symbol error rate pe at large values of the 
10 maximum number of transmissions k is discussed in more detail below in 
subsection 9 of this section. 



3. QAM symbol error versus bit error 



15 In multicarrier systems, the digital information is transformed by the 

modem into an analog form that is a sequence of DMT symbols. A DMT symbol is 
different from a RS symbol, and may comprise RS symbols. Generally, a DMT 
symbol comprises a number of bits that are loaded on all, or at least a predefined 
subset, of the subchannels in one direction during one transmission interval. One 

20 second of a DMT symbol may include an average of about 4,000 data carrying DMT 
symbol transmission intervals. Typically, in a DMT frame, 68 data carrying DMT 
symbols are followed by a synchronization symbol. 



Each DMT symbol bears information in the form of an array of zeroes 
25 and ones, comprising several Z?rsized sub-arrays. In a DMT symbol, each sub-array is 

associated with a subchannel, and corresponds to a QAM waveform representing a 
1^' -point constellation. The DMT symbol waveform is the superposition of these 
QAM waveforms. The channel itself is characterized by a set of signal-to-noise 
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ratios / yt}, where y is the signal-to-noise ratio at the carrier frequency, i.e., 
associated with the subchannel. Although most DMT implementations constrain 
each bi to be an integer, theoretically, there is no need for this restriction. However, 
in practice, each DMT symbol carries an integer number of bits. 

Assuming that equal error protection is appUed, the number of bits 
associated with the subchannel bi is determined as follows: for each subchannel, the 
bit error rate does not exceed the BER level prior to decoding and retransmission p^. 
However, the standard QAM error determination procedure yields the QAM symbol 
error rate rather than the bit error rate required. 

An average fraction of erroneous bits in an erroneous Z?rsized QAM 
symbol is represented as co(yi, bi). ^pqam( Ytybi) is the QAM symbol error rate, the bit 
error rate, for this QAM symbol, is equal to pqam( Yi,bi)o)( fiM) • In a multicarrier 
system, for each subchannel, the following relationship holds: 

PQAM(ri.b,)6){r-,b,)<p,, (4.1) 

where pt is given by Equation (3.14). To improve performance, the number of bits 
associated with the subchannel bi should maximize the left hand side of 
Equation (4.1). 

An expression for the average fraction of erroneous bits as a function 
of the signal-to-noise ratio and the number of bits per subchannel co(Yi, bt) will now be 
determined. The problem is formulated as follows: assuming that a Z?-sized 
subchannel is in error, determine the average fraction of bits in error in such a 
subchannel, (o(%b). In one embodiment, the average fraction of erroneous 
bits co(% b) is determined at a sufficiently large signal-to-noise ratio (i.e., far enough 
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from the channel capacity value). In this case, the average fraction of erroneous 
bits Q)(y, b) is essentially independent of the signal-to-noise ratio % and computing 
the average fraction of erroneous bits 6)(b) '\s geometrical, as described below. 

5 Referring to Fig. 2, an 8-point G.992.2 constellation is shown. 

Consider an arbitrary 2 signal constellation on a square lattice, for example, in Fig, 2, 
b is equal to three. Let Ui be the binary representation of the label for the point of 
the constellation. Let Xi represent the coordination number of the / point, i.e., the 
total number of its nearest neighbors in the constellation. In Fig. 2, the coordination 

10 number is equal to 3 for each of the four internal points and is equal to 1 for each of 
the four external points of this constellation. The average fraction of erroneous 
bits co^ ) is determined in accordance with the following relationship: 




(4.2) 



15 

Here dai ; •) is the Hanaming distance between two binary vectors, and the innermost 
summation in Equation (4.2) is performed over the nearest neighbors of the point /. 

In one embodiment, for the first few values of b, computing the 
20 average fraction of erroneous bits co(b) cdin be performed manually. In an alternate 

embodiment, computing the average fraction of erroneous bits a)(b) is performed by a 
processor. Table 1, below, shows some values for constellations used in the G.992.2 
standard. Results obtained using Equation (4.2) are compared with the results of 
direct numerical simulations of data transmission in a single QAM channel. 



-19- 



Table 1: Values of (0[b} at b<6. 



b 


(0(b) 


(0(b) 


Error between Equation (4.2) 




(Equation (4.2)) 


(simulations) 


and simulations (%) 


1 


1 


1.0000 


0 


2 


0.5 


0.5000 


0 


3 


0.528 


0.5157 


2.3 


4 


0.323 


0.3394 


5.0 


5 


0.358 


0.3601 


0.8 


6 


0.256 


0.2538 


0.9 



5 Referring to Fig. 3, numerical simulations show that for G.992.2 

constellations, l/0)(b) is well approximated by a linear function. Linear regression 
analysis of the l/a)(b) data yielded the following relationship: 



l/a){b) = 0A6b'\-0,S3 (4.3) 

10 

Fig. 4 shows a graph of l/cD(b) computed using Equation (4.2) for 
G.992.2 constellations. Linear regression analysis of l/o)(b) computed with 
Equation (4.2) yielded the following relationship: 

15 l/a){b)^0.52b + 0M (4.4) 



In both cases the average fraction of erroneous bits 0)(b) is approximately equal to 2/b 
at large b. The small difference between the two cases is attributable to the effect of 
non-nearest neighbors. 



20 
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Based on the above consideration, in another embodiment, the 
following correlation is used to approximate l/6)(b) : 

\/Q){b)=^{2b + 3)/4 (4.5) 

5 

Equation (4.5) provides the asymptotic behavior observed above (i.e., the average 
fraction of erroneous bits 6)(bJ - 21b at large values of b). The choice of the free term 
in the numerator on the right hand side of Equation (4.5) yields, among all II Q^) 
correlations of the kind of Equations (4.3) or (4.4), the best representation of \lo)(b) 
10 simultaneously at Z? = 1 and Z? = 2. 

4. The bit load equation 

A relationship for determining the bit load of a subchannel as a 
15 function of at least a subset of forward error correction parameters will now be 

described. Considering the DMT symbol as the superposition of n QAM waveforms, 
the size of a DMT symbol in bits B^mt is determined in accordance with the 
following relationship: 

n 

The expression for the QAM symbol error rate,/7QAM, is determined as follows: 
Pe.Mfe,rJ = l-[l-(l-2-^-"MV3-10''-'^V(2^"--2)f (5.2) 

25 
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where Yi is the signal-to-noise ratio of the QAM waveform in the subchannel. The 
uncoded bit error rate pb is determined in accordance with the following relationship: 



Pt = PQAM{k^rMh) 

= 0}{b, )(l - 2-"' " >rfc(V3-10'''"V(2*'*'-2)|2 - (l - 2-"' " )erfc(.l3-W'"' /[t'^' -2]] 

(5.3) 



10 



Equating the uncoded bit error rate pt, as defined in Equation (5.3), 
and the bit error rate found from Equation (3.14) yields the following equation for 
determining the optimum bit load per subchannel in a system with EEC: 



l-W{t,K)8's'' 



= (o{b, {t, K)il - 2'"'^''^^'^ )etfc[^3-W'"'l[2''-'^'^^^'-2)] 



X 



[2 - (l - 2-*' f'-^)'' )etfc[43-W'"' l[2''^^''^^' -2)\ 



(5.4) 



To determine the optimum bit load, Equation (5.4) is solved numerically for values of 
15 t and K. Likewise, in a system with ARQ as well as EEC, the optimum bit load per 

subchannel is determined in accordance with the following equation: 



20 



-Ala 



X 



\-W[t,K,k)£l^''^' 
2 - (1 - 2-"' ('•^•'^"^ )erfc(V3-10'''"V(2*'(''^'*>'-2))] 



a){b^ [t, K,k)i\ - 2-*'('-^-*)'^ )e,/c(V3-10''-''V(2*'^''^'*>^'-2)) 



(5.5) 
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The net coding gain Gn in bits/DMT symbol (the excess information transferred in 
one DMT symbol due to FEC) is determined in accordance with the following 
relationship: 

^ GnM^^-^B,^,{t,K)--^B,^{0,K) (5.6) 

A+C+xv A-rC 

Equation (5.6) takes the FEC redundancy into account. The G.992.2 standard calls 
for the channel data rate to be transferred. Therefore the line coding gain G/, that is, 
the total increase in the number of bits to be sent, is determined in accordance with 
10 the following relationship: 

(f, K) ^ B^^ {t^Ky B^^ M (5.7) 

Equations (5.6) and (5.7) are modified when ARQ is applied. When 
15 ARQ is applied, B^^j{t,K,k) is used rather than5^^j,(?,^r); and5^^y.(^^,A:)is 

divided by the average number of transmissions v defined in Equations (2.7) and 
(3,17). The role of ARQ will be discussed below in section II, together with the 
quantitative analysis of the performance of an embodiment of a DMT system with 
ARQ. In one embodiment, since the procedure described yields fractional values for 
20 bu an additional adjustment is applied. Such adjustment replaces the obtained bi 

values by their integer parts [Z?. J. Then a re-distribution of excess in bi over all 
subchannels is performed. 
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5. 'Mean-field approximation' for performance evaluation of 
multicarrier channels 



In another embodiment, a "mean-field approximation" for the number 
of bits of a DMT symbol in a channel is applied. The mean-field approximation is in 
accordance with Equation (6.1) as follows: 



BoMT=^b{ri)-ri^Ayeffh (6-1) 



1=1 



10 The effective number of subchannels is represented by ne£, the effective 

signal-to-noise ratio for the channel is represented by %ff, and the effective number of 
bits per subchannel is represented by biyeff)- The mean-field approximation reduces 
the complexity of the channel performance evaluation. In Equation (6.1), the 
effective number of subchannels rieff^ and the effective signal-to-noise ratio Yeff are 

15 respectively determined in accordance with the following relationships: 

^e^^X^ ,and (6.2) 

ri>r* 

n#=— Er, ^ (6.3) 



where 7* is the threshold signal-to-noise ratio below which no information is passed 
through the channel. Therefore, if the signal-to-noise ratio of a subchannel does not 
exceed a predetermined threshold value 7* for the channel, that subchannel is not 
used. 



25 
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Referring to Fig. 5, a flowchart of a method of evaluating channel 
performance uses approximations (6.1) - (6.3). In one embodiment, the flowchart of 
Fig. 5 is implemented in the initialization module 48 of the modem driver 40 (Fig. 1). 
In step 50, a number of information bits to be supported by a subchannel for 
5 allowable sets of FEC parameters, predetermined effective signal-to-noise ratios Yejf 

and associated effective numbers of subchannels n^^is determined. For these values 
of Yejf and rie^y Equation (5.4) is solved at different allowable values of the maximum 
number of correctable errors t and the size of the information field K; this solution, 
combined with Equation (6.1), yields the maximum number of information bits able 

10 to be supported by a DMT symbol within the system's constraints. In one 

embodiment, this information is stored in a table. In an exemplary table shown in 
Table 2, below, multiple columns compare different embodiments of determining a 
number of information bits to be supported by a DMT symbol. In step 51, 
measurements of the channel signal-to-noise ratio are made at different carrier 

15 frequencies associated with each subchannel; and at the same time, a total number of 

"working" subchannels, that is, the effective number of subchannels Ueff, 
(Equation (6.2)) is determined. To measure the signal-to-noise ratio, the modem 
sends a predetermined signal pattern to its peer modem. In one embodiment, the 
predetermined signal pattern is a pseudorandom signal having a predefined spectrum. 

20 In step 52, an effective signal-to-noise ratio for the channel is determined based on 

the measured signal-to-noise ratio and the effective number of subchannels /ig^ using 
Equation (6.3). In step 53, a maximum net coding gain over allowable sets of FEC 
parameters is determined. In one embodiment, the table generated in step 50 is 
iteratively accessed for each allowable set of FEC parameters based on the value of 

25 the effective number of subchannels and the effective signal-to-noise ratio to retrieve 

the associated number of bits per subchannel. The net coding gain per subchannel for 



-25- 



each allowable set of FEC parameters is determined in accordance with Equation 6 A 
below: 

5 

In step 54, one or more FEC parameters are selected based on the maximum net 
coding gain per subchannel g„. The selected FEC parameters yield the largest, i.e., 
the maximum, value of the net coding gain as determined in accordance with 
Equation (6.4). 

10 

In step 55, the corresponding line coding gain gi is determined based 
on the forward error correction parameters that provide the maximum net coding 
gain gn. The line coding gain per subchannel gi is determined in accordance with the 
following relationship: 

15 

g, (f, K) ^ = b(r,ff.U K)-b(r^, A k) (6.5) 

In step 56, the line coding gain, and the one or more FEC selected parameters are 
transmitted to the peer modem. 

20 

Alternately, the signal-to-noise ratio could be an estimate, directly or 
indirectly from the measured channel noise characteristics, or other information that 
can be correlated to signal-to-noise information. In another alternate embodiment, 
rather than using the signal-to-noise ratio, another characteristic that is proportional, 
25 either directly or indirectly, to the signal-to-noise ratio is measured and converted to a 
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signal-to-noise ratio. Alternately, the other characteristic is used rather than the 
signal-to-noise ratio. 

The validity of the mean-field approximation for multicarrier channels 
5 with FEC and ARQ is not obvious because the bit load Equation (5.4) (or, more 

generally. Equation (5.5)) provides a nonlinear relationship between the number of 
bits per subchannel and the signal-to-noise ratio. As will be shown in the next section, 
for a typical, not a poor quality, channel the mean-field approximation is valid. 



10 



An approximate solution of the bit load equation 



15 



An approximate solution of the bit load Equation (5.5) for small values 
of the target symbol error rate Ss will now be described. Bit load Equation (5.5) can 
be rewritten in the following form: 



1 — 



l-W{t,K,k)et'^' 



1-2 



^ = .4Vl-5-10-/(2^-l)) 



(7.1) 



At small values of the target symbol error rate Sg, Equation (7. 1) can be rewritten as 
follows: 



20 



?rfc(Vl.5-10''"V(2'-l))=- 



1- 



\lla 



l-W{t,K,k)4'-''^'' 



(7.2) 
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Also, at small values of £s (which is equivalent to small values of the right hand side 
of Equation (7.2)), the following asymptotic can be applied: 



as ^— >oo 



which yields: 



xexpjc = - 



71 



1- 



1 V^^ 



— , x = 3-10^'^V(2'-l) (7.3) 



10 When the value of the right hand side of Equation (7.3) is large (or small £i), the 
asymptotic solution of Equation (7.3) yields: 



15 



x = ln< 



%a)\b)(\-2-'^'J 



7t 



\l/ctr 



n2 



^-Inln^ 



86>^(&)(l-2-^^^f 



n 



n2 



l-W{t,K,k)€t'^' 



J J 
(7.4) 



At small values of and at 7 < < hmax » where hrmx is the maximum bit load per 
subchannel allowed, replacing the (2;(Z?)(l-2~'^^^) term in Equation (7.4) by its mean 
value, 
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(7.5) 



max 1 



yields: 



3-10^^"' 
2'-l 



:21n- 



{(0{b))^[%lK 



1- 



-In In 



{(D[b))^J%bt 



1- 



— In2 



or 



(7.6) 



10 



l-i-- 



21n- 



a-{(i){b))4^ 



-In In 



a■{Q){bj)^I^ht 



_ j^Qi'log2 



■ln2 



(7.7) 



Applying Equation (3.1) to Equation (7.7) yields an approximate solution of 
Equation (5.5) 



15 b = {y + ^{y,t,K,k,£)]imog2 



(7.8) 



where 
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= lOlog^ 



10 



-y/W 



+ - 



31oge 



21og 



a{(o{b))^l%nt 
W{t,K,kJa£/J3)'{d^ 



-log log 



W{t,K,k\ael p)WTk 

(7.9) 



+log 



lege 



To assess the accuracy of this approximation, the values for the number of bits per 
5 subchannel h found from Equation (7.8) when information frames are transmitted 

once {k = 1) were compared to the results of numerically solving Equation (5.4). The 
length of the information field K was varied between 8 and 256; the number of 
correctable symbol errors t was varied between 0 and 8, and the signal-to-noise ratio y 
was varied between 10 and 50 dB; the number of erasures e^was set equal to 0 and 
10 the maximum number of bits per subchannel fe^wwas set equal to 15. The results for 
information field lengths ofK= 16, 64, and 256 are presented below; in Tables 2, 3 
and 4, respectively. 
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Table 2: Results of computing the number of bits per subchannel by SNR y in 
decibels, and the number of correctable symbol errors t when e=10'', P=3, a=8, 

C=0, k=l, K=16, er=0 



y, dB 


b {Equation (5.4)) 


b (Equation (7.9)) 


b (Equation (7.11) 


t-0 








10 


1.023323e+000 


1,0333546+000 


6.5954846-002 


15 


2 . 078584e+000 


2 . 1077556+000 


1.7269196+000 


20 


3 .486503e+000 


3.5195146+000 


3 .3878836+000 


25 


5. 0668536+000 


5.0917856+000 


5.0488476+000 


30 


6.711104e+000 


6.7235286+000 


6 .7098116+000 


35 


8 .3760053+000 


8 .3751276+000 


8 .3707756+000 


40 


1 .0046836+001 


1.0033126+001 


1.0031746+001 


45 


1 . 1718846+001 


1.1693146+001 


1.1692706+001 


50 


1 .3390616+001 


1.3353816+001 


1.3353676+001 


t = l 








10 


1 .4424326+000 


1.4759466+000 


8 .3322266-001 


15 


2 .6748246+000 


2 .7299026+000 


2 .4941876+000 


20 


4 .1830376+000 


4.2339356+000 


4.1551516+000 


25 


5 .8084286+000 


5 . 8414976+000 


5.8161156+000 


30 


7 .4739646+000 


7.4851546+000 


7.4770796+000 


35 


9.1514826+000 


9.1406016+000 


9.1380436+000 


40 


1.0831706+001 


1.0799826+001 


1.0799016+001 


45 


1.2511716+001 


1.2460236+001 


1.2459976+001 


50 


1.4190676+001 


1 .4121026+001 


1.4120946+001 


t=2 








10 


1 .7003726+000 


1.7541046+000 


1.2468146+000 


15 


3 .0149476+000 


3 .0882466+000 


2. 9077786 + 000 


20 


4 ,5662926+000 


4 .6282886+000 


4.5687426+000 


25 


6 .2121936+000 


6 .2488036+000 


6.2297066+000 


30 


7.8892036+000 


7 .8967376+000 


7.8906706+000 


35 


9 .5748686+000 


9 .5535556+000 


9.5516346+000 


40 


1.1261886+001 


1 .1213216+001 


1.1212606+001 


45 


1.2947996+001 


1.2873756+001 


1.2873566+001 
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50 


1.463259e+001 


1.4534596+001 


1.4534536+001 


t = 3 








10 


1.8820216+000 


1.9522926+000 


1.5209956+000 


15 


3 .2460276+000 


3 .3327636+000 


3 .1819596+000 


20 


4.8229756+000 


4.8923376+000 


4.8429236+000 


25 


6.4819026+000 


6.5196976+000 


6 .5038876+000 


30 


8. 167044e+000 


8.1698706+000 


8 . 1648516+000 


35 


9.8590036+000 


9.8274046+000 


9.8258156+000 


40 


1. 1551516+001 


1.1487286+001 


1.1486786+001 


45 


1.3242666+001 


1 .3147906+001 


1.3147746+001 


50 


1.4931986+001 


1 .4808766+001 


1.4808716+001 


t=4 








10 


2 . 0195988+000 


2 . 1033666+000 


1.7212016+000 


15 


3 .4173976+000 


3 .5142956+000 


3 .3821656+000 


20 


5.0119486+000 


5.0862356+000 


5.0431296+000 


25 


6.6803806+000 


6.7178646+000 


6.7040936+000 


30 


8.3719156+000 


8.3694266+000 


8.3650576+000 


35 


1. 0069086+001 


1.0027406+001 


1.0026026+001 


40 


1.1766256+001 


1.1687426+001 


1.1686996+001 


45 


1.3461736+001 


1.3348096+001 


1 .3347956+001 


50 


1.5155146+001 


1.5008966+001 


1.5008916+001 


t = 5 








10 


2 . 1287226+000 


2 .2235646+000 


1.8759606+000 


15 


3 .5514686+000 


3 .6561546+000 


3 .5369246+000 


20 


5.1591796+000 


5.2366686+000 


5.1978886+000 


25 


6.8350826+000 


6.8712296+000 


6 .8588526 + 000 


30 


8.5319206+000 


8 .5237426+000 


8 .5198166+000 


35 


1.0233556+001 


1.0182026+001 


1.0180786+001 


40 


1 . 1934786+001 


1 . 1842146+001 


1.1841746+001 


45 


1.3634086+001 


1.3502836+001 


1.3502716+001 


50 


1 .5331106+001 


1.5163716+001 


1.5163676+001 


t-6 








10 


2.2181076+000 


2 .3220966+000 


2.0002106+000 
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15 


3 .6602326+000 


3.7709306+000 


3 .6611746+000 


20 


5 .2783236+000 


5.3577576+000 


5.3221386+000 


25 


6.9603726+000 


6.9944616+000 


6.9831026+000 


30 


8.6617546+000 


8.6476686+000 


8.6440666+000 


35 


1.0367296+001 


1.0306176+001 


1, 0305036+001 


40 


1 .2072146+001 


1.1966356+001 


1.1965996+001 


45 


1.3774856+001 


1.3627076+001 


1.3626966+001 


50 


1.5475136+001 


1.5287966+001 


1,5287926+001 


t=7 








10 


2 .2930826+000 


2 ,4046776+000 


2 . 1027166+000 


15 


3 .7508186+000 


3 .8661696+000 


3 .7636806+000 


20 


5.3774046+000 


5.4578486+000 


5.4246446+000 


25 


7.0646676+000 


7.0961916+000 


7.0856086+000 


30 


8 .7700266+000 


8.7499276+000 


8.7465726+000 


35 


1 . 0479066+001 


1.0408606+001 


1. 0407546+001 


40 


1.2187156+001 


1.2068846+001 


1.2068506+001 


45 


1 .3892956+001 


1 .3729576+001 


1.3729466+001 


50 


1.5596196+001 


1.5390466+001 


1,5390436+001 


t = 8 








10 


2 .3571296+000 


2 .4750926+000 


2 . 1890426+000 


15 


3 .8277876+000 


3 .9467376+000 


3 .8500066+000 


20 


5.4615146+000 


5.5422666+000 


5.5109706+000 


25 


7.1532966+000 


7.1819046+000 


7, 1719346+000 


30 


8.8621926+000 


8.8360596+000 


8,8328986+000 


35 


1.0574376+001 


1.0494866+001 


1.0493866+001 


40 


1.2285426+001 


1.2155146+001 


1,2154836+001 


45 


1.3994046+001 


1.3815896+001 


1.3815796+001 


50 


1.5700006+001 


1.5476796+001 


1,5476756+001 
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Table 3 : Results of computing the number of bits per subchannel by SNR y and 
number of correctable symbol errors t; e= 1 0 " ^ , P= 3 , a= 8 , C= 0 , k= 1 , 

K=64, er=0 



y, dB 


b (Equation (5,4)) 


b (Equation (7.9) ) 


b (Equation (7.11) 


t=0 








10 


1.023323e+000 


1.0333546+000 


6.5954836-002 


15 


2 .0785846+000 


2.1077556+000 


1.7269196+000 


20 


3 ,4865030+000 


3 .5195146+000 


3 .3878836+000 


25 


5 . 0668536+000 


5.0917856+000 


5. 0488476+000 


30 


6 .7111046+000 


6.7235286+000 


6.7098116+000 


35 


8.3760056+000 


8.3751276+000 


8.3707756+000 


40 


1.0046836+001 


1.0033126+001 


1.0031746+001 


45 


1.1718846+001 


1.1693146+001 


1.1692706+001 


50 


1.3390616+001 


1.3353816+001 


1,3353676+001 


t = l 








10 


1.3800886+000 


1.4093556+000 


7.2786306-001 


15 


2 .5900196+000 


2 . 6409256+000 


2.3888276+000 


20 


4.0861766+000 


4 .1343726+000 


4.0497916+000 


25 


5 .7060406+000 


5.7380426+000 


5.7107556+000 


30 


7.3687196+000 


7.3804046+000 


7.3717196+000 


35 


9 .0443576+000 


9.0354356+000 


9.0326836+000 


40 


1 .0723076+001 


1 .0694526+001 


1.0693656+001 


45 


1.2401766+001 


1.2354896+001 


1.2354616+001 


50 


1.4079516+001 


1 .4015666+001 


1.4015586+001 










10 


1 .5906126+000 


1.6352356+000 


1.0747676+000 


15 


2 .8721496+000 


2 .9375266+000 


2 .7357316 + 000 


20 


4 .4062986+000 


4 .4636116+000 


4.3966956+000 


25 


6 .0438536+000 


6 . 0791576+000 


6.0576606+000 


30 


7 .7160116+000 


7.7254576+000 


7.7186246+000 


35 


9 .3981206+000 


9.3817526+000 


9.3795886+000 


40 


1.1082116+001 


1.1041246+001 


1.1040556+001 


45 


1.2765496+001 


1.2701736+001 


1.2701526+001 
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50 


1.444756e+001 


1 .4362556+001 


1.4362486+001 


t-3 








10 


1 .736960e+000 


1 .7938856+000 


1,3030346+000 


15 


3 .0619866+000 


3 .1379686+000 


2.9639986+000 


20 


4 .6187486+000 


4 .6822776+000 


4.6249626+000 


25 


6 .2673386+000 


6 .3042986+000 


6 .2859266 + 000 


30 


7.9459696+000 


7.9527266+000 


7.9468916+000 


35 


9.6328576+000 


9 .6097026+000 


9.6078556+000 


40 


1 .1320926+001 


1.1269406+001 


1.1268826+001 


45 


1 .3007996+001 


1 .2929976+001 


1 .2929786+001 


50 


1 .4693496+001 


1 .4590816+001 


1 .4590756+001 


t=4 








10 


1 . 8478316+000 


1 . 9148646+000 


1 .4702936+000 


15 


3 .2029816+000 


3 .2871746+000 


3 . 1312576+000 


20 


4 .7753396+000 


4 .8433726+000 


4 . 7922216+000 


25 


6 .4318686+000 


6 .4695586+000 


6 .4531856+000 


30 


8 . 1154606+000 


8 .1193476+000 


8 . 1141506+000 


35 


9 .8061896+000 


9 .7767596+000 


9.7751146+000 


40 


1.1497616+001 


1 .1436606+001 


1.1436086+001 


45 


1 .3187766+001 


1 .3097216+001 


1 .3097046+001 


50 


1 .4876136+001 


1 .4758066+001 


1 .4758016+001 


t = 5 








10 


1 .9364166+000 


2 .0119416+000 


1.6008626+000 


15 


3 .3141216+000 


3 .4048986+000 


3 .2618266+000 


20 


4 .8981846+000 


4 .9695866+000 


4.9227906+000 


25 


6 .5608926+000 


6 .5987176+000 


6 .5837546+000 


30 


8 .2485296+000 


8 .2494676+000 


8 .2447186+000 


35 


9 .9424966+000 


9 .9071866+000 


9.9056826+000 


40 


1 .1636796+001 


1.1567126+001 


1.1566656+001 


45 


1 .3329606+001 


1 .3227766+001 


1 .3227616+001 


50 


1.5020476+001 


1.4888626+001 


1 .4888576+001 


t = 6 








10 


2 .0097996+000 


2 .0925866+000 


1.7071356+000 
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15 


3 .4052826+000 


3 .5014666+000 


3 .3680996+000 


20 


4 . 998621e+000 


5.0725856+000 


5.0290636+000 


25 


6.6663816+000 


6.7039336+000 


6.6900276+000 


30 


8.3574516+000 


8 .3554036+000 


8 .3509916+000 


35 


1.0054236+001 


1.0013356+001 


1.0011966+001 


40 


1. 1751056+001 


1 . 1673366+001 


1.1672926+001 


45 


1 .3446216+001 


1.3334026+001 


1.3333886+001 


50 


1.5139316+001 


1.4994896+001 


1.4994856+001 


t=7 








10 


2 . 0721986+000 


2 . 1612786+000 


1.7962286+000 


15 


3 .4822106+000 


3 . 5829096+000 


3 .4571926+000 


20 


5.0831816+000 


5.1591086+000 


5.1181566+000 


25 


6.7552156+000 


6.7921966+000 


6.7791206+000 


30 


8.4492766+000 


8.4442326+000 


8.4400846+000 


35 


1.0148556+001 


1.0102366+001 


1.0101056+001 


40 


1.1847636+001 


1.1762436+001 


1.1762016+001 


45 


1 .3544916+001 


1.3423116+001 


1.3422986+001 


50 


1.5240026+001 


1,5083986+001 


1.5083946+001 


t=8 








10 


2 .1263116+000 


2 .2209066+000 


1.8725786+000 


15 


3 .5485216+000 


3 . 6530406+000 


3 .5335426+000 


20 


5.1559486+000 


5 .2333756+000 


5.1945066+000 


25 


6 .8316856 + 000 


6.8678756+000 


6.8554706+000 


30 


8 .5284046 + 000 


8.5203686+000 


8.5164346+000 


35 


1.0229936+001 


1.0178646+001 


1. 0177406+001 


40 


1 .1931076 + 001 


1 .1838766+001 


1. 1838366+001 


45 


1.3630286+001 


1 .3499456+001 


1.3499336+001 


50 


1 .5327226+001 


1 .5160336+001 


1.5160296+001 
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Table 4: Results of computing the number of bits per subchannel by SNR yand 
number of correctable symbol errors t; e=10"', P=3, a=8, C=0, k=l, 

K=256, er=0 



y,dB 


b (Equation (5.4)) 


b (Equation (7,9)) 


b (Equation (7.11) 


t = 0 








10 


1.0233236+000 


1.0333546+000 


6 .5954836-002 


15 


2.0785846+000 


2 .1077558+000 


1.7269196+000 


20 


3 .4865036+000 


3 .5195146+000 


3 .3878836+000 


25 


5.0668536+000 


5.0917856+000 


5.0488476+000 


30 


6.7111046+000 


6 .7235286+000 


6.7098116+000 


35 


8 .3760056+000 


8 .3751276+000 


8 .3707756+000 


40 


1.0046836+001 


1.0033126+001 


1.0031746+001 


45 


1 .1718846+001 


1 .1693146+001 


1.1692706+001 


50 


1 .3390616+001 


1.3353816+001 


1 .3353676+001 


t = l 








10 


1 .3217666+000 


1 .3472966+000 


6 .2699716-001 


15 


2 . 5096176+000 


2 .5567136+000 


2.2879616+000 


20 


3 .9937686+000 


4 .0394436+000 


3 .9489256+000 


25 


5 . 6081826+000 


5.6391326+000 


5 .6098896+000 


30 


7.2681296+000 


7 .2801656+000 


7.2708536+000 


35 


8.9420236+000 


8 .9347686+000 


8.9318176+000 


40 


1 .0619386+001 


1.0593726+001 


1.0592786+001 


45 


1.2296886+001 


1 .2254046+001 


1.2253756+001 


50 


1 .3973556+001 


1.3914806+001 


1.3914716+001 


t=2 








10 


1 .4895016+000 


1.5263926+000 


9 . 1122766-001 


15 


2.7381216+000 


2 .7964156+000 


2.5721926+000 


20 


4 .2549596+000 


4 .3078996+000 


4.2331566+000 


25 


5.8843496+000 


5 .9181776+000 


5.8941206+000 


30 


7.5520086+000 


7.5627356+000 


7.5550846+000 


35 


9.2309636+000 


9 .2184726+000 


9.2160486+000 


40 


1 .0912356+001 


1 .0877786+001 


1.0877016+001 


45 


1 .2593396+001 


1 .2538226+001 


1 .2537986+001 
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50 


1.427330e+001 


1.4199026+001 


1.4198946+001 


t = 3 








10 


1 .603410e+000 


1.6490596+000 


1.0951086+000 


15 


2 .888938e+000 


2 . 9552286+000 


2 . 7560726+000 


20 


4.4251726+000 


4.4830366+000 


4.4170366+000 


25 


6.0637246+000 


6.0991996+000 


6. 0780006+000 


30 


7 .7364496+000 


7.7457016+000 


7.7389646+000 


35 


9 .4189646+000 


9.4020626+000 


9.3999286+000 


40 


1.1103306+001 


1.1061576+001 


1.1060896+001 


45 


1 .2786986+001 


1.2722076+001 


1.2721866+001 


50 


1.4469336+001 


1.4382896+001 


1.4382826+001 


t=4 








10 


1 .6886646+000 


1.7413906+000 


1.2287096+000 


15 


2 . 9998386+000 


3 . 0722826+000 


2.8896746+000 


20 


4 . 5494186+000 


4.6109206+000 


4.5506386+000 


25 


6.1944506+000 


6.2309386+000 


6.2116026+000 


30 


7 . 8709426+000 


7 . 8787096+000 


7. 8725666+000 


35 


9.5562196+000 


9.5354756+000 


9.5335306+000 


40 


1.1242906+001 


1.1195116+001 


1.1194496+001 


45 


1.2928716+001 


1.2855656+001 


1.2855466+001 


50 


1 .4613036+001 


1.4516486+001 


1.4516426+001 


t = 5 








10 


1.7563766+000 


1.8150256+000 


1.3326556+000 


15 


3.0868426+000 


3 .1642546+000 


2.9936196+000 


20 


4.6464206+000 


4.7107556+000 


4.6545836+000 


25 


6 .2964226+000 


6.3335486+000 


6.3155476+000 


30 


7 .9759166+000 


7. 9822286+000 


7. 9765116+000 


35 


9.6634616+000 


9.6392856+000 


9. 6374756+000 


40 


1.1352106+001 


1.1299016+001 


1. 1298446+001 


45 


1.3039696+001 


1.2959586+001 


1.2959406+001 


50 


1 .4725676+001 


1 .4620426+001 


1.4620376+001 


t = 6 








10 


1.8123526+000 


1.8760836+000 


1.4172566+000 
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15 


3 .158104e+000 


3 .2396606+000 


3 .0782206+000 


20 


4.7255956+000 


4.7922156+000 


4.7391846+000 


25 


6 .379614e+000 


6 .4171296+000 


6.4001486+000 


30 


8 . 061607e+000 


8.0665036+000 


8.0611126+000 


35 


9.7510846+000 


9.7237836+000 


9,7220766+000 


40 


1.1441406+001 


1.1383586+001 


1.1383046+001 


45 


1.3130546+001 


1,3044176+001 


1.3044006+001 


50 


1.4817966+001 


1.4705026+001 


1.4704976+001 


t=7 








10 


1.8599716+000 


1.9281486+000 


1.4883426+000 


15 


3 .2182886+000 


3 .3033846+000 


3 .1493066+000 


20 


4 .7922876+000 


4.8607956+000 


4.8102706+000 


25 


6 .4496696+000 


6 .4874036+000 


6 .4712346+000 


30 


8 . 1338106+000 


8 . 1373316+000 


8 . 1321986+000 


35 


9 . 8249736+000 


9.7947876+000 


9.7931626+000 


40 


1.1516786+001 


1.1454646+001 


1.1454136+001 


45 


1.3207286+001 


1.3115256+001 


1.3115096+001 


50 


1 .4895996+001 


1.4776116+001 


1.4776056+001 


t = 8 








10 


1.9013616+000 


1.9734866+000 


1.5495016+000 


15 


3 .2702906+000 


3 ,3584656+000 


3 .2104656+000 


20 


4 . 8497936+000 


4 , 9198936+000 


4 .8714296+000 


25 


6.5100696+000 


6.5478956+000 


6 .5323936+000 


30 


8 . 1960946+000 


8 . 1982786+000 


8 .1933576+000 


35 


9.8887606+000 


9.8558796+000 


9.8543216+000 


40 


1.1581906+001 


1.1515786+001 


1 .1515296+001 


45 


1 .3273636+001 


1.3176416+001 


1 .3176256+001 


50 


1.4963496+001 


1.4837266+001 


1.4837216+001 
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From the results, it was found that the highest approximation error of 
about 5% (a relative error between estimates for the number of bits per subchannel b 
obtained from Equation (5.4) and Equation (7,8)) is attained at a lowest information 
field length ofK-S, lowest signal-to-noise ratio 10 dB, and highest number of 
5 correctable errors t-S, For the same number of correctable errors t, larger 

signal-to-noise ratio /values yield smaller error values (for K-- S and t-S the error 
was 1.5% at 20 dB, and 0.3 % at 30 dB; and the error decreased, as the length of the 
information field K increased). The absolute error is even more indicative in showing 
the reliability of Equation (7.8). For instance, for an information field of length K=S 

10 and a number of correctable errors ^ = 8, the absolute error is 0.12 bits/subchannel at 
10 dB, 0.08 bits/subchannel at 20 dB, and 0.03 bits/subchannel at 30 dB. Therefore, 
even at a lowest signal-to-noise ratio % an absolute error from using Equations (7.8) 
and (7.9) is ~ 0.1 bits/subchannel, and the absolute error decreases with increasing 
signal-to-noise ratio y. Equations (7.8) and (7.9) provide a means for estimating Z?, 

15 separating different factors affecting its value (SNR, FEC and ARQ). 

In another alternate embodiment, when Z? > 3 the following 
approximate solution can be used: 

20 b^[y + ^{t,K,k,£)]/lO\og2 , (7.10) 

<p{t,KXe)^^{-<^j.KXe) (7.11) 

It was found that when the number of bits per subchannel b was greater than or equal 
25 to three (b > 3), the relative error in using Equations (7, 10) and (7. 11), rather than 

using Equation (5.4), did not exceed 5% when the maximum number of 
transmissions k was equal to 1. Results using these equations for information field 
lengths K=16, 64, and 256 are presented in Tables 2, 3 and 4, respectively. The 
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largest error was attained at a lowest value of K which was approximately equal to 
eight (jST-- 8) and a lowest value of t which was approximately equal to 0 ~ 0). For 
the same value of t, larger signal-to-noise /values yielded smaller error values (for 
the error was 3% at 20 dB, and 0.1 % at 30 dB), and the error 

5 decreased as K increased. At - 3 the absolute error of using Equations (7.10) and 
(7.11) was found to be no larger than 0. 12 bits/subchannel, and the absolute error 
decreased as the signal-to-noise ratio /increased. This means that for a not very poor 
quality multicarrier channel, where most of the subchannels may bear at least 3 bits, 
the use of Equations (7. 10) and (7.1 1) is justified. In addition, for such a channel, the 

10 "mean-field approximation'' of Equation (6.1) is valid, since the relationship of 

Equation (7.10) between the number of bits per subchannel b and the signal-to-noise 
ratio /is essentially linear while all effects of FEC and ARQ are incorporated in the 
free term of that linear relationship: 



^ 1 ^ ^ 



15 



DMT ^ \ru ioiog2 101og2 ^'"^^ 

(7.12) 



The reason why Equation (7.10) is only accurate when t > 3 becomes especially clear 
considering that the approximations of Equations (7.10) and (7.11) are obtained as a 

20 result of replacing {2 ™ i) in the denominator of the left hand side of Equation (7.6) 
by 2^. This replacement yields a substantial error for subchannels with a number of 
bits per subchannel less than or equal to two {b < 2), but when the number of bits per 
subchannel h is greater than or equal to three {b > 3), the error becomes small. Also, 
as the results show, the error decreases as the number of bits per subchannel b 

25 increases. 
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In another embodiment, the mean field approximation may be 
corrected at low signal-to-noise ratio. For a QAM channel, using Equation (7. 11) and 
expanding ^{y.t.K.k^s) in the Taylor series as follows: 

yields the following low- signal-to-noise ratio correction to the mean field 
approximation for multicarrier channels: 

fi„„ = l. ^-^' •''\Zi2 = i„2 "° ) 

(7.13) 

Equations (7.10) and (7.1 1) provide an explanation of why, at sufficiently low BER 
15 and for a not very poor quahty of DMT channel, the relationship between the 

signal-to-noise ratio and the number of bits per subchannel is approximately linear. 

In addition, the same value of the line coding gain per subchannel gi determined for 

an effective signal-to-noise ratio of a multicarrier channel can be applied to all 

subchannels. Alternately, the same value of the Une coding gain per subchannel gi 
20 determined for an effective signal-to-noise ratio of a multicarrier channel can be 

applied to all subchannels that have a signal-to-noise ratio exceeding a threshold 

signal-to-noise ratio. 

7. Optimization of FEC parameters for G.lite-compliant modems 

25 

In another embodiment, described in this section, the general approach 
described above is applied to digital subscriber line (DSL) modems compliant with 
the G.992.2 standard. In this embodiment for the G.992.2 standard, there are 
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restrictions on the size of a DMT symbol, the size of a FEC frame, and the number of 
control symbols in one FEC frame. Basically, 



sB 



^ = K + C+R 
a 



(8.1) 



10 



15 



20 



R^zs 



C = s 



(8.2) 
(8.3) 



where s is the number of DMT symbols in a FEC frame, and z is the number of FEC 
control symbols in a DMT symbol. There are 13 possible pairs of (z, s) in G.992.2 as 
shown in Table 5, below. 

Table 5: The (s, z) pairs in G.lite. 



s 


1 


1 


1 


1 


2 


2 


2 


4 


4 


4 


8 


8 


16 


z 


0 


4 


8 


16 


2 


4 


8 


1 


2 


4 


1 


2 


1 



Introducing Equations (6.1), (8.2), and (8.3) into Equation (8.1) yields: 



(8.4) 



Combining Equations (2.2), (4.5), (5.4), and (8.4) yields the following equation to 
determine the length of the information field K: 
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a{K+s + zs) , 
— ^— — ^ + 1. 



sn 



'eff 





f a{K+s+zs) ^ 




f 




f a{K+s+zs) ^ 




= 2 




erfc 




1.5-10''^^'''/ 








) 




j 




I J 


J 



(8.5) 













f a{K+s+zs) ^ 




X 


2- 


]^ _ 2 ^^"^-^ 




jl.5-10'''^"V 


2 _i 














I ) 


J- 



where t = 



and er^-sz. 



5 When numerically solving Equation (8.5), the length of the 

information field a function of Yeff, z, s, and rieff, is treated as a continuous variable. 
For that reason, the factorials in the W(,..) definition were presented in the 
ganmia-log form. The value of the length of the information field K that is obtained 
is then used in Equation (8.4) to compute b( YeffiZ,s,neff). 

10 

Equation (8.5) was programmed in MatLab and solved numerically 
using dichotomy, for different values of Ye^, rtejf, and {z, s). The initial interval, for 
the dichotomy procedure, was (0,256 -s-zs). For each Yejf and Uejf pair, the values 
of the net coding gain gn were then determined from Equations (6.4) and (8.4). These 
15 values were compared for all possible (z, s) pairs, and the {z, s) pair providing the 

maximal net coding gain gn was found. 



In one embodiment, for G.992.2, the only parameter that is stored is 
the line coding gain per subchannel gi, with the corresponding (z, s) and ( Yejfy ^eff ) 
20 pairs. The value of the line coding gain per subchannel gi is determined in 

accordance with Equation (6.5) using the parameters that maximize the net coding 
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gain gn^ The line coding gain per subchannel gi together with the corresponding (z, s) 
and ( Yeffi Uef) pairs, yields the information needed for the FEC-related margin 
adjustment. Specifically, since the "uncoded" number of bits b(YeffAhneff) is known 
(measured) for a DSL channel, adding the line coding gain gi to the ''uncoded" 
5 number of bits b( jejfA htiejf ) yields b( Yeff^s.Zyfieff ). The integer value of the length of 

the information field K can then be determined from Equation (8.4). Since it was 
shown in the previous subsection that the number of bits per subchannel can usually 
be found from Equation (7.10), then 

10 = [<l){t,K,k,£)-(l>{0,KXe)]imog2 (8.6) 

It follows from Equation (8.6) that the line coding gain per 
subchannel gi is essentially independent of the signal-to-noise ratio and its value 
can be determined once for the effective signal-to-noise ratio %j^and then applied to 
15 all subchannels used, regardless of their signal-to-noise ratio values. 

Table 6, below, shows a set of optimum (s, z, gi) triplets calculated for 
a G.992.2-compliant modem at different effective numbers of subchannels n^j^-and 
effective signal-to-noise ratio values. 

20 
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Table 6: Optimum FEC parameters {s/z/gi) calculated for G.lite modem at different 
n^^and j^j values (number of effective subchannels ^z^^ ranges from 1 to 96, the 
effective SNR Yejf ranges from 10 to 50, the number of erasures ^^=0). 



nefAYeff 


10 


20 


30 


40 


50 


1 


1/0/0 .00 


1/0/0 .00 


1/0/0.00 


1/0/0.00 


1/0/0 .00 


6 


1/0/0.00 


16/1/1.74 


16/1/1.75 


16/1/1.71 


16/1/1.68 


11 


16/1/1 .22 


16/1/1 .58 


16/1/1 .58 


16/1/1 .55 


8/1/1,32 


16 


16/1/1 .14 


16/1/1.49 


8/1/1.29 


8/1/1.27 


8/1/1.24 


21 


16/1/1.08 


16/1/1 .43 


8/1/1 .24 


8/1/1.22 


4/1/0,95 


26 


16/1/1.04 


16/1/1.38 


8/2/1 .54 


4/2/1.30 


4/2/1.28 


31 


16/1/1.01 


8/2/1.50 


8/2/1 .50 


4/2/1.27 


4/2/1,25 


36 


16/1/0 .99 


8/2/1.46 


4/2/1 .27 


4/2/1.24 


2/2/0.97 


41 


16/1/0 .96 


8/2/1,43 


4/2/1.25 


4/2/1.22 


2/2/0.95 


46 


16/1/0 .95 


8/2/1.41 


4/4/1.57 


4/1/0.87 


2/4/1.31 


51 


16/1/0 .93 


8/2/1.38 


4/4/1.55 


2/4/1.31 


2/4/1.29 


56 


16/1/0.91 


4/4/1.52 


4/4/1 . 53 


2/4/1.29 


2/4/1.27 


61 


16/1/0 .90 


4/4/1.50 


4/4/1 . 50 


2/4/1 .27 


2/4/1.25 


66 


16/1/0.89 


4/4/1.48 


2/4/1.28 


2/4/1.26 


2/4/1.24 


71 


8/2/0.99 


4/4/1.46 


2/4/1.27 


2/4/1 .25 


2/2/0.89 


76 


8/2/0.98 


4/4/1.45 


2/4/1.26 


2/4/1 .23 


1/4/0.96 


81 


8/2/0.97 


4/4/1.43 


2/4/1.25 


2/4/1 .22 


1/4/0.96 


86 


8/2/0.96 


4/4/1.42 


2/4/1.24 


2/4/1.21 


1/4/0.95 


91 


8/2/0.95 


4/4/1.41 


2/4/1,23 


2/4/1.20 


1/8/1.31 


96 


8/2/0.94 


4/4/1.40 


2/8/1.56 


1/8/1.32 


1/8/1.30 



The line coding gain as a function of the effective number of 
subchannels and the effective signal-to-noise ratio {gi{nejf, /ejf)) dependence has 
discontinuities v^here the value of the (s, z) pair changes. This behavior can be 
10 explained by the procedure of determining the line coding gain per subchannel gi. 

Since, by definition, the optimal net coding gain per subchannel gn is a continuous 
function of the effective number of subchannels n^jand the effective signal-to-noise 
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ratio Yeff^ the line coding gain per subchannel gi has discontinuities where the net 
coding gain g„ maximum is attained by two different (s, z) pairs at once. 

The results presented in Table 6 are obtained when there are no 
erasures, that is, when er = 0. In another embodiment, when the parameters that are 
optimized include a number of erasures er, the optimization procedure is performed 
over the range 0 < er<sz, for each (s, z) pair. 



10 



8. Uncoded SER at large k 

In another embodiment, when the maximum number of 
transmissions k is large, Equation (3.11) can be presented as follows: 



15 



Pe =■ 



^k+c+r\ 



^K+C+R \ 



r+1 



f K+C+R-\ 



L V 



UK + C + 
_[ t + l 



{t+l)k 



(K+C+R X 
t+l ) 



(9.1) 



From Equation (9.1), when the maximum number of transmissions k is large, the 
channel symbol error rate pe can be determined as follows: 



20 



1 

f K+C+R \+i 



(9.2) 



and is asymptotically independent of €s. As shown in Fig. 6, the channel symbol error 
rate pe(k) exhibits two kinds of behavior depending on whether the symbol error 
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rate €s is larger or smaller than a threshold value which is determined in 
accordance with the following relationship: 

£^=(t+l)/(K+C-\-R), (93) 

5 

In the first case, the channel symbol error rate pe is a decreasing function of the 
maximum number of transmissions k; and, in the second case, the channel symbol 
error rate pe is an increasing function of the maximum number of transmissions L 
When no FEC and only CRC is applied at /? = f = 0, the channel symbol error rate pe 
10 can be determined in accordance with the following relationship: 

p. = (^^^y.-.),. Merh ^^"if/' Men (9.4) 

and p^ p^=1/{K + C) at large L At f = 0 and A: = 7, the channel symbol error 
15 rate pe is equal to Ss{p^= )• 

IL Roleof ARQ 

In this section, the method of evaluating the performance of 
20 multicarrier systems is further described with respect to ARQ. 

In Fig. 7A, a general model of a communication channel with ARQ is 
considered. In one embodiment, with some non-restrictive assumptions, an exact 
solution to evaluating the channel performance can be found. A simplified ''no data 
25 upstream - no acknowledgement downstream" protocol is described and then applied 

to a general case. In another embodiment, a representation of this exact solution 
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allows a system designer to evaluate different scenarios of channel performance in 
the upstream and downstream directions. 

In one embodiment, for a not very poor quality DMT channel with 
5 FEC and ARQ, performance evaluation is reduced to evaluating the performance of a 

single QAM modem with characteristics averaged over all, or in an alternate 
embodiment at least a subset, of the sub-channels of the system. In one embodiment 
of the method, the approach is applied to a hypothetical DSL system compliant with 
the G.992.2 standard. The optimal parameters of the Reed-Solomon code and the 
10 optimum value of the maximum number of transmissions are evaluated depending on 
the signal-to-noise ratio distribution over the channel's frequency band and on the 
number of sub-channels used. This and subsequent sections also use the symbols 
defined in section L 

15 1 . A channel model with FEC and ARQ 

Referring to Fig. 7A, consider a general case of data transmission between 
two stations where both upstream and downstream stations, 62 and 64, respectively, send 
information and acknowledgement frames. The upstream and downstream stations, 62 

20 and 64, have a transmitter and receiver, 66 and 68, 70 and 72, respectively. The 

error-controlling algorithm may be a combination of forward error correction and a cyclic 
redundancy check (CRC). In one embodiment, a multilevel Reed-Solomon type of code 
is used for FEC. Each information frame of the length Nu/d code symbols has an 
information field of the length ^r^^^code symbols, a CRC field of the length C„/jcode 

25 symbols, and a control field of the length code symbols. The length of the control 

field Ru/d depends on the number of errors tu/d that FEC can correct. The length of the 
control field Ru/d increases as the number of errors that can be corrected r^^j increases. 
The channel introduces an error with a "raw'' symbol error rate of pe^u in the upstream 
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direction and in the downstream direction. Each acknowledgement frame has the 
length of Mu/d code; and Mu/d«JSlu/d' The channel data rates, in bits per second, are Vu in 
the upstream direction and Vd in the downstream direction. 



10 



Forward error correction allows the stations to correct and accept an 
information frame with a number of errors less than or equal to the maximum number of 
correctable errors tu/d- When an information frame has more than the maximum number 
of correctable errors tu/d, the CRC field allows the stations to detect the errors that remain 
after applying forward error correction, and a negative acknowledgement frame is sent to 
the peer station. In addition, a positive acknowledgement frame is sent by the 
upstream/downstream station after niu/d information frames were received with no or 
correctable errors. The probability pu/d of an information frame being accepted in this 
scheme is: 



15 P.=tPeA^-PeJ"~' 
1=0 



(12.1) 



Pd = T.P'e,d^-Pe4y'" 
1=0 



(12.2) 



The above description can be generalized to introduce erasures in the decoding 
20 procedure. If er,u/d positions of supposedly unreliable code symbols (erasures) are 

made known to the decoder then the number of errors to be corrected by I^C tu/d with 
redundancy is: 



25 



Kid ~ 



K/d+^ + «r,u,d 



(12.3) 
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and the maximum number of errors corrected by introducing erasures (reached at 

er,u/d=Ru/d) is Ru/d- 

In Fig. 7A, the information flows between the transmitters 66, 70 and 
5 receivers 68, 72 are shown. An application executing on the upstream or downstream 

station, 62 or 64, respectively, conomunicates with another application executing on its 
peer station. The input intensities (in frames/sec) of information frame generation are 
application-dependent and denoted by Ain,u/d (a "u" or "d" in the subscript indicates an 
information frame sent upstream or downstream, respectively). Before the FEC frame is 

10 sent upstream or downstream, control (redundancy) symbols are added to each 

information portion. The transmitter intensities in the upstream/downstream direction are 
Xt^^d = Xtiu/d -^^a,d/uy where Xti^u/d and Xta,u/d are portions of the transmitter intensities 
related to sending information and acknowledgement frames, respectively. In this 
description, the terms "ti,u" or "ti,d" denote an information frame sent to the upstream or 

15 downstream station, respectively; while the terms "ta,u" or "ta,d" denote an 

acknowledgement frame sent by the upstream or downstream station, respectively. Each 
transmitter intensity Zti^u/d -hn,u/d +^rtMd^ where An^u/d is the intensity of frames to be 
retransmitted. The frames to be retransmitted are stored in buffers at the respective 
downstream or upstream stations. The upstream or downstream station receives an 

20 information frame and determines whether the information frame is error-free or 

correctable (Jipout,u/d)' For each non-correctable information frame, the respective 
upstream or downstream station sends a negative acknowledgment (JinacMd)^ An 
information frame with errors that has not reached the transmission limit of k^/d is 
rejected; otherwise the information frame is accepted by the respective upstream or 

25 downstream station (XnoutMd)- Also, for flow control a positive acknowledgment frame is 

sent from the upstream/downstream station for every niu/d good/correctable information 
frames (Apacu/d) that are received. The intensity of transmitting acknowledgment 
frames Jita,ii/d is determined as follows: Jlta,u/d -Kuxc,u/d -^^acu/d- When a negative 
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acknowledgement is received by the downstream or upstream station's receiver, tlie 
downstream or upstream station retransmits, with an intensity of Xrt,u/d^ the corresponding 
information frame stored in the downstream or upstream, respectively, station's buffer if 
the total number of transmissions for that information frame has not reached the 
5 maximum number of transmissions ku/d- Otherwise, the storage buffer associated with 
that information frame is cleared. This section assumes that no frames can be lost 
between stations. Since an acknowledgement frame is much shorter than an information 
frame, this section also assumes that acknowledgement frames are not corrupted and are 
not retransmitted. 

10 

This general model can be exactly solved because the conmiunication 
circuit of Fig, 7A is equivalent to two separate communication circuits that are 
superimposed as shown in Figs. 7B and 7C. In Fig. 7B, a "no data upstream - no 
acknowledgement downstream" circuit transmits, acknowledges and re-transmits 
15 information frames in the downstream channel. In Fig. 7C, a "no data downstream - no 

acknowledgement upstream" circuit transmits, acknowledges and re-transmits 
information frames in the upstream channel. 

Referring to Fig. 7B, consider the flow of acknowledgements in the 
20 channel. The downstream station's receiver generates a retransmission request for 
non-correctable frames (a negative acknowledgment) with intensity of /lrf,^and the 
downstream station accepts non-correctable, after /retransmissions, information frames at 
an intensity of ?inout4, respectively, in accordance with the following relationships: 



(12.4) 
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(12.5) 

and ^acii = Kt.d +Xwut,d- Equations (12.4) and (12.5) follow from the fact that the 
5 probability for an erroneous (after correction) information frame being transmitted less 
than the maximum number of transmissions is in accordance with the following 
relationship: 



10 



and upon receiving an erroneous information frame, the downstream station sends a 
negative acknowledgement. 



Next, at the upstream transmitter, the information flow in the downstream 
15 direction Ztij comprises new frames (Ainj) and retransmissions (Xrt^d) as follows: 

^i,d = ^n,d + ^t,d^ or 



20 Next, at the downstream receiver, the input is divided into error-free or correctable 

frames with probability pd^ and non-correctable frames with probability l-pd^ Therefore, 
the transmission intensity of error-free and correctable frames Apout.d is in accordance 
with the following relationship: 
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Since each non-correctable information frame with a number of transmissions less than 
the maximum number of transmissions kd generates one negative acknowledgement 
frame, the transmission intensity of negative acknowledgment frames Xnacd is in 
accordance with the following relationship: 

Kac.={l-P,%4- (12.8) 

Combining Equations (12.8) and (12.6) yields the following relationship for determining 
the transmission intensity of negative acknowledgment frames Xnacd'* 



^.c. =(1-/^.Km ^^n.cA-P.) \ \ ^'K, (12.9) 



which yields: 



l...=A,. j'-&-^-)"t'-''-> (12.10) 

Pd 



The other intensities, defined above, can be expressed in terms of the intensity of 
information frames Xin4 in accordance with the following relationships: 



(12-11) 

Pd 
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(12.12) 



Pd 



(12.13) 



5 Kom4-^m,d^~Pdf' ■ 



(12.14) 



10 



Since every m^^-th error-free or correctable information frame yields a positive 
acknowledgement frame, the transmission intensity of positive acknowledgement 
frames Xpac,d and acknowledgement frames Xta,d is in accordance with the following 
relationships, respectively: 



K.,d=^ = ^[^-{l-Pdf\ 



(12.15) 



15 



and 



1 

Pd J 



\-{l-p,H (12.16) 



20 



From Equations (12.12) and (12.14), the number of information bits sent by the upstream 
application per unit time, A^, equals the information input intensity (in bits/sec), as 
expected: 



(12.17) 
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In Equation (12.17), ais the number of bits per Reed-Solomon code symbol. 

When the value of the maximum number of transmissions kd is large, the information 

input intensity can be represented as follows: 

Pd Pd 

When the value of the maximum number of transmissions kd is equal to one (kd=l) and 
information frames are not retransmitted, the information input intensity A^ can be 
represented as follows: 

10 

The derivation for the circuit shown in Fig. 7C is the same as for the circuit of Fig. 7B 
except that the subscript 'd' is replaced by a 'u' in Equations (12.4) to (12.17). 
15 Therefore, all intensities in the communication circuit shown in Fig. 7A are determined. 

Li the above derivation, arbitrary values of the input intensities of 
information frame generation Xin,u/d are assumed. Alternately, in practice, there are two 
upper bounds of the input intensity of information frame generation hnM related to the 
20 data rates, Yu and Yd. in the upstream and downstream directions, respectively. The 

bounds are derived from the following inequalities: 

fliVA,«+«^.4..^K.and (12.18) 



25 



(12.19) 
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Applying Equations (12.1 1), (12.16), and (12.17) to inequalities (12.18) 
and (12.19) yields: 



1 



m. 



Pd 



J^u Pu 



(12.20) 



K, P, ' K„ 



1 



Pu 



(12.21) 



In one embodiment, one goal in designing a communication system is to 
maximize the throughput H in the upstream and downstream directions, i.e., to find 

10 = max A„ , = max . The parameters Au/d are not maximized independently of 

each other. Instead, the data rate in the downstream direction Ad is chosen and the data 
rate in the upstream direction A is maximized within the constraints of Equations (12.20) 
and (12.21). This procedure relates the throughput values of the upstream and 
downstream channels, as shown in Fig. 8 A by dashed lines 108 and 109 and in Fig. 8B by 

15 dashed lines 110 and 111. 



20 



In one exemplary embodiment, the solution of Equations (12.20) and 
(12.21) is constructed to determine a "summary" throughput of the upstream and 
downstream channels. The condition imposed equates AJAu and VJVu, as would be the 
case if the circuit shown in Fig. 7 A were error free, i.e.: 



H = max(A^ + A^) = if„ , where 



V. V, 



(12.22) 



25 
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Figs. 8A and 8B illustrate possible graphical solutions of Equations (12.20) - (12.22) in 
the (A, ^d) plane. Depending on whether the two straight lines, 90 and 92, 94 and 96, 
bounding the solution regions 98, 100 in Equations (12.20) and (12.21) have a conunon 
point inside or outside of the first quadrant of the (A. Ad plane, the situations shown in 
Figs. 8A and 8B result, respectively. In Fig. 8A, when the restrictions of 
Equations (12.20) and (12.21)) are concurrent, the solution of Equations (12.20)-(12.22) 
corresponds to the intersection of a straight line 104 given by Equation (12.22) and one of 
the solution boundaries in Equation (12.20) or (12.21), depending on the ratio VJVu^ In 
Fig. 8B, when one of the restrictions of Equations (12.20) - (12.22) is always stronger 
than the other, the solution of Equations (12.20)-(12.21) corresponds to the intersection 
of a straight line 106 given by Equation (12.22) and one of the solution boundaries in 
Equations (12.20) or (12.21), depending on which restriction is stronger. 

The throughput H in the upstream and downstream directions, 
respectively, that is generated by the graphical solution of Equations (12.20)-( 12.22), 
may be presented in the following analytical form: 



H„ =maxA,, =min^ 



VJ 



Pd 



V 



m 



Pu 



Pd 



(12.23) 



= max A J =mm< 



M,y, 



Pd 



y. 



m„ 



^Ji-d-P.)'-)} 



Pd j Pu 



(12.24) 
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There was an implicit, albeit trivial, assumption made when the above equations were 
derived. Specifically, that the service intensity of each element of the communication 
circuit is larger than the corresponding intensity of the data entering that element. If this 
5 assumption is not true, there will be a growing queue of frames in front of this element, 

and the steady-state solution that was derived will not be realized. In addition, these data 
intensities allow a channel designer to estimate the minimum service intensity of each 
element of the circuit needed for the system to function reliably without flow congestion. 



10 The code symbol error rate SER values in the respective upstream and 

downstream directions can also be estimated in accordance with the following 
relationships: 



15 




(12.25) 



(12.26) 



When the maximum number of transmissions ku/d is large, the respective code symbol 
error rate ^£7?^^^ values tend to zero. 

20 

The average number of transmissions v for a frame to get to the output 

stream are: 



v., = 



i-a-p»r 

Pu 



(12.27) 



25 
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=LiL^PAl. (12.28) 



In another embodiment, the present invention can be used when many riapp pairs of 
applications are communicating across the channel For example, this situation occurs 

5 when Internet users run several applications at once on the same machine, such as 

concurrently browsing the Web, listening to an Internet radio station, and downloading a 
file at the same time. When many pairs of applications are communicating across the 
channel, all variables in Equations (12.1) to (12.17) and (12.25) to (12.28) (except for the 
data rates, Vd and Vu) would be indexed by the order number of a given application pair, 

10 since the EEC and ARQ parameters can generally be application-dependent. The 
inequalities of Equations (12.18) and (12.19) can be rewritten as follows: 



spp f^yy 

Y^a{j)N^ 0)4. U)+ lcc{j)M, {jK, U) < K , (12.29) 

7=1 7=1 



15 '£^{j)N, UKd Uhl4j)M. UK. U) < V, , (12.30) 



with the subsequent modification of Equations (12.20) to (12.24). 

2. FEC/ARQ-related performance gain for DMT systems 



20 



Referring back to Fig. 7B, in another embodiment, without loss of 
generality, the "no data upstream - no acknowledgement downstream" system will be 
discussed. Since only this embodiment will discussed in this subsection, the subscripts 
denoting the direction of data flow are used. In this case, Equations (12.20) and (12.21) 
25 are reduced to the following form: 
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M 
K 



m p 



[i-(1-p)']a<V,. £.i=fiz£)lASV,. (13.1) 



From Equation (13.1) that the channel throughput i/ can be expressed as follows: 



H = max A = min 



pK V, 



mpK 



V,. 



-{^-p)' [\-{l-p)'\.[pM^-p)]M 



(13.2) 



10 



In system design, the data rates, Vu and Vd, can be chosen so that the minimum in 
Equation (13.2) would be equal to the first term on the right hand side of Equation (13.2): 



pf N [i-{i-pf\.[p + m{l-p)]M- 



(13.3) 



15 



The inequality of Equation (13.3) holds in practical systems because the transport of 
information determines the actual rate at which the acknowledgement messages are sent. 
From Equations (13.3) and (12.27), the channel throughput H can be determined as 
follows: 



H=—^ (13.4) 
N V ' 



20 Defining the total number of bits to be sent as H'=HN/K, yields: 



H'=^. (13.5) 

V 
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The data rate in an ARQ system is divided by the average number of transmissions v to 
obtain the actual channel throughput. This result will be applied below to estimate the 
FEC/ARQ-related performance gain of a multicarrier channel with a DMT modulation 
scheme. 

5 

A DMT system, for example, a DSL system, can be thought of as several 
QAM modems, and in the simplest case, just one QAM modem. Each QAM waveform 
corresponds to a binary array of bi bits, i=h„n, and is carried in one of the sub-channels. 
A DMT symbol is the superposition of these n waveforms. For example, the 
10 superimposed waveforms making up a DMT symbol is the basic waveform used in DSL 

communications. The size of a DMT symbol Bdmt in bits is determined in accordance 
with the following relationship: 



n 

15 

bi is the number of bits per subchannel. 



20 



The bit load equation for a single QAM sub-channel with FEC/ARQ 
derived above is: 



-A /a 



1- 



{t+\)k 



(13.7) 
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a)(bi)is an average fraction of erroneous bits in a ^/-sized erroneous QAM symbol having 
the following form: 



3 + 2h 



(13.8) 



y, is the signal-to-noise ratio at the i-th subchannel; Sg is the SER in the system: 



£s =1- 



(13.9) 



10 where £ is the BER level required for the data, the coefficient accounts for the effect of 
a descrambler; and 



W{t,K,k)- 



fK+C+R-] 
V 



1__ 



k-l 



(13.10) 



15 Equation (13.7) is solved numerically. 



20 



The net coding gain of a DMT symbol Gn(t,KM that is, the excess 
information throughput per DMT symbol due to EEC and ARQ, is determined in 
accordance with the following relationship: 



G„ [t, K,k) . K B,^{t,K,k) _K^^^ (Q^^^^) 



K+C+R V 



K + C 



(13.11) 



The factor K/(K+C+R) in Equation (13. 1 1) takes the EEC redundancy into account. One 
difference between Equation (13.1 1) and its counterpart, Equation (5.6) of Section I, is 
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the presence of the average number of transmissions v to account for ARQ in the 
communication scheme. Including the average number of transmissions vin the 
definition of the net coding gain for a DMT symbol in a channel with ARQ follows from 
Equation (13.4). 



Therefore the line coding gain, i.e., the total increase in the number of bits to be sent with 
one DMT symbol, Gi(t,K,k) due to FEC and ARQ is the difference between the number 
of bits in a DMT symbol without FEC and ARQ {Bom7<0,KJ) in which t=0 and k=l) and 
the number of bits in a DMT symbol with FEC and ARQ (BoMiit.K.k)), The total 
increase in the number of bits to be sent with one DMT symbol, the line coding gain, 
Gi{t,Kyk) is determined in accordance with the following relationship: 



3. Mean-field approximation for a multicanier channel with ARQ 

The following mean-field approximation was introduced and shown to be 
valid above in section I: 



The effective number of subchannels Uejf and the effective signal-to-noise ratio y^f are 
respectively determined as follows: 



The G.992.2 standard calls for the channel data rate to be transferred. 



G, (f, K^k)^ B^^^ {u K,k)- B^^ (0, KA) . 



(13.12) 




(14.1) 



r,>r* 



(14.2) 
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where J4 is the threshold signal-to-noise ratio below which no information can be passed 
5 through the subchannel. 

Referring to Fig. 9, a flowchart uses approximations (14.1) - (14.3) to 
determine the channel performance based on FEC and ARQ parameters. In one 
embodiment, the flowchart of Fig. 9 is implemented in the initialization module 48 of 

10 the modem driver 40 (Fig. 1). In step 120, a number of information bits to be 

supported by a subchannel for allowable sets of FEC and ARQ parameters, 
predetermined effective signal-to-noise ratios ^^and associated effective numbers of 
subchannels n^j^is determined. For these values of J^^and Uejj, Equation (13.7) is 
solved at different allowable values of the maximum number of correctable errors t, 

15 the size of the information field K, and the maximum number of transmissions k\ this 

solution, combined with Equation (14.1), yields the maximum number of information 
bits able to be supported by a DMT symbol within the system's constraints. In one 
embodiment, this information is stored in a table. In an exemplary table shown in 
Table 7, below, multiple columns compare different embodiments of determining a 

20 number of information bits to be supported by a DMT symbol. Steps 122 and 124 are 

the same as steps 51 and 52 of Fig. 5 and will not be further described. In step 126, a 
maximum net coding gain over allowable sets of FEC and ARQ parameters is 
determined. In one embodiment, the table generated in step 120 is iteratively 
accessed for each allowable set of FEC and ARQ parameters based on the value of 

25 the effective number of subchannels and the effective signal-to-noise ratio to retrieve 

the associated number of bits per subchannel. The net coding gain per subchannel for 
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10 



15 



20 



each allowable set of FEC parameters is determined in accordance with 
Equation (14.4) below: 

In step 128, one or more FEC parameters and at least one ARQ parameter is selected 
based on the maximum net coding gain per subchannel gn. The selected HEC and 
ARQ parameters yield the largest, that is, the maximum value of the net coding gain 
as determined in accordance with Equation (14,4). 

In step 130, the corresponding line coding gain gi is determined based 
on the FEC and ARQ parameters that provide the maximum net coding gain The 
line coding gain per subchannel gi is determined in accordance with the following 
relationship: 

g^{t,K.k)^^^^^^=:b(r,,^ (14.5) 



In step 132, the line coding gain, the selected FEC parameters and the selected 
maximum number of transmissions k are transmitted to the peer modem. 



In one embodiment, the corresponding net coding gain gn(lK,k) and the 
total increase in the number of bits per subchannel, the line coding gain, gi(tK,k) are the 
same for all working subchannels in the approximation. The number of bits per 
subchannel is adjusted such that all subchannels receive the same increase in bit load. 
25 Alternately, number of bits per subchannel is adjusted such that a subset of the 

subchannels receive the same increase in bit load 
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Since Equation (13.7) is a nonlinear relation between the signal-to-noise 
ratio and the number of bits per subchannel, the validity of the mean-field approximation 
is not obvious for multicarrier channels with FEC and ARQ. To demonstrate the validity 
of the mean-field approximation, the following approximate solution of Equation (13.7) 
was derived: 



b = [r+ 0(7, t, K,k,e)]n0log2, 



(14.6) 



10 



= lOlog 



21og 



W{t,K,k\a£l p)!^ 



31oge 



-log log 



a{(o{b))^J%nr 

W{t,K,kia£l pyj^k 

(14.7) 



+ log 



loge 



and 



15 



max 1 



20 



where bmax is the maximum bit load per subchannel allowed in the communication 
protocol. 

The accuracy of Equation (14.6) was tested and described when no 
retransmissions were used {k- 1) in section I by comparing the values of the number of 
bits per subchannel b given by Equation (14.6) to the values found from numerically 
solving Equation (13.7). Below the results of a similar study in case with at least one 
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retransmission {k > 2) is presented. In the study below, the length of the information 
field K was varied between 16 and 256, the maximum number of correctable errors t was 
varied between 0 and 8, the signal-to-noise ratio /was varied between 10 and 50 dB, the 
maximum number of bits per subchannel brmx was equal to 15, and the maximum number 
5 of transmissions k was equal to 2. Tables 7, 8 and 9, below, show the results for 

information field lengths K equal to 16, 64, and 256, respectively. 

Table 7: Results of computing the number of bits per subchannel by 

SNR Y and t 

10 e=10"\ P=3, a=8, C=0, k=2, K=16, e^=0 . 



Y, dB 


b (Equation (13 .7) ) 


b (Equation (14 .6) ) 


b (Equation (14.8)) 


t = 0 








10 


1 .442432e+000 


1 .4759466+000 


8 .3322266-001 


15 


2 .674824e + 000 


2 .7299026+000 


2 .4941876+000 


20 


4 .1830376 + 000 


4 .2339356+000 


4.1551516+000 


25 


5 .8084283+000 


5 .8414976+000 


5.8161156+000 


30 


7.473964e+000 


7.4851546+000 


7 .4770796 + 000 


35 


9.151482e+000 


9 .1406016+000 


9 .1380436+000 


40 


1.083170e+001 


1 .0799826+001 


1.0799016+001 


45 


1.251171e+001 


1.2460236+001 


1 .2459976+001 


50 


1.419067e+001 


1.4121026+001 


1 .4120946+001 


t=l 








10 


1.8465856+000 


1.9135016+000 


1.4684386+000 


15 


3 .2014096+000 


3 .2855096+000 


3 ,1294026+000 


20 


4.7735986+000 


4 .8415826+000 


4.7903676+000 


25 


6.4300396+000 


6.4677246+000 


6,4513316+000 


30 


8.1135746+000 


8.1174996+000 


8 . 1122956+000 


35 


9.804259e+000 


9.7749066+000 


9.7732596+000 


40 


1.1495646+001 


1.1434746+001 


1.1434226+001 


45 


1 .3185756 + 001 


1 .3095356+001 


1.3095196+001 


50 


1 .4874096+001 


1 .4756206+001 


1.4756156+001 


t = 2 
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10 


2 . 071352e+000 


2 . 1603466+000 


1.7950276+000 


15 


3 .4811716+000 


3 .5818096+000 


3 .4559916+000 


20 


5. 082039e+000 


5.1579416+000 


5 .1169556+000 


25 


6 .7540156+000 


6.7910066+000 


6 .7779196+000 


30 


8 .4480356+000 


8,4430356+000 


8 .4388836+000 


35 


1.0147276+001 


1.0101166+001 


1.0099856+001 


40 


1.1846336+001 


1 . 1761236+001 


1.1760816+001 


45 


1.3543586+001 


1.3421916+001 


1.3421786+001 


50 


1.5238656+001 


1.5082786+001 


1.5082746+001 


t=3 








10 


2 .2222566+000 


2 .3266686+000 


2 .0059236+000 


15 


3 .6652596+000 


3 .7762256+000 


3 .6668876+000 


20 


5.2838256+000 


5 .3633316+000 


5 .3278516+000 


25 


6.9661616+000 


7.0001296+000 


6.9888156+000 


30 


8.6677586+000 


8 .6533676+000 


8 .6497796+000 


35 


1.0373496+001 


1. 0311886+001 


1.0310746+001 


40 


1.2078506+001 


1.1972076+001 


1.1971716+001 


45 


1 .3781386+001 


1.3632786+001 


1.3632676+001 


50 


1.5481826+001 


1.5293676+001 


1.5293646+001 


t=4 








10 


2 .3335106+000 


2 .4491446+000 


2 .1573416+000 


15 


3 .7994456+000 


3 .9171146+000 


3 .8183056+000 


20 


5.4305496+000 


5.5112536+000 


5.4792696+000 


25 


7. 1206566+000 


7 .1504246+000 


7.1402336+000 


30 


8 . 8282326+000 


8 . 8044286+000 


8 . 8011976+000 


35 


1.0539236+001 


1 . 0463186+001 


1.0462166+001 


40 


1.2249176+001 


1.2123456+001 


1.2123136+001 


45 


1.3956736+001 


1.3784196+001 


1.3784096+001 


50 


1.5661666+001 


1.5445096+001 


1.5445056+001 


t = 5 








10 


2 .4202726+000 


2.5443156+000 


2 ,2730126+000 


15 


3 .9033326+000 


4 .0254086+000 


3.9339766+000 


20 


5.5440236+000 


5 .6244856+000 


5 . 5949406+000 
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25 


7 .2403396+000 


7.2653136+000 


7.2559046+000 


30 


8 .952863e+000 


8. 9198506+000 


8 .9168686+000 


35 


1.0668316+001 


1. 0578786+001 


1.0577836+001 


40 


1.2382456+001 


1.2239106+001 


1.2238806+001 


45 


1.4094046+001 


1.3899856+001 


1.3899766+001 


50 


1 .5802876+001 


1 . 5560756+001 


1.5560726+001 


t=6 








10 


2 .4905176+000 


2 .6210026+000 


2 .3650696+000 


15 


3 . 9870256+000 


4.1119776+000 


4 .0260336+000 


20 


5.6354076+000 


5.7147326+000 


5 .6869976 + 000 


25 


7.3368816+000 


7.3567896+000 


7.3479616+000 


30 


9. 0536256+000 


9.0117236+000 


9 .0089256+000 


35 


1. 0772936+001 


1.0670776+001 


1 .0669896+001 


40 


1.2490726+001 


1.2331136+001 


1 .2330856+001 


45 


1.4205856+001 


1.3991916+001 


1.3991826+001 


50 


1.5918126+001 


1.5652816+001 


1.5652786+001 


t=7 








10 


2 .5489396+000 


2 .6844396+000 


2 .4405026+000 


15 


4 .0563806+000 


4 .1831546+000 


4.1014666+000 


20 


5 .7111386+000 


5 .7887666+000 


5.7624306+000 


25 


7 .4170116+000 


7.4317746+000 


7.4233946+000 


30 


9.1374306+000 


9 .0870146+000 


9.0843586+000 


35 


1. 0860126+001 


1 .0746166+001 


1 .0745326+001 


40 


1.2581176+001 


1 .2406556+001 


1 .2406296+001 


45 


1.4299466+001 


1 .4067336+001 


1 .4067256+001 


50 


1.6014806+001 


1.5728246+001 


1 .5728216+001 


t=8 








10 


2 .5985196+000 


2 .7379746+000 


2.5036866+000 


15 


4.1150836+000 


4 .2429316 + 000 


4,1646506+000 


20 


5.7752536+000 


5.8508316+000 


5.8256146+000 


25 


7 .4849486+000 


7 .4946016+000 


7.4865796+000 


30 


9.2086146+000 


9.1500846+000 


9 .1475436 + 000 


35 


1.0934336+001 


1.0809316+001 


1.0808516+001 
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40 


1 .2658306+001 


1 .2469733+001 


1.2469476+001 


45 


1.437943e+001 


1 .4130526+001 


1 .4130436+001 


50 


1.609756e+001 


1.5791426+001 


1.5791406+001 



Table 8: Results of computing the number of bits per subchannel by 

SNR and t 
8=10"^ |3=3, oc=8, C=0, k=2, K=64, e^O, 



t=0 


b (Equation (13 .7) ) 


b (Equation (14 . 6) ) 


b (Equation (14.8)) 


10 


1.3800886+000 


1.4093556+000 


7.2786306-001 


15 


2 .5900196+000 


2 . 6409256+000 


2 .3888276+000 


20 


4 . 0861766+000 


4 .1343726+000 


4 . 0497916+000 


25 


5 .7060406+000 


5.7380426+000 


5 .7107556 + 000 


30 


7 .3687196+000 


7.3804046+000 


7.3717196+000 


35 


9 . 0443576+000 


9.0354356+000 


9 .0326836+000 


40 


1 . 0723076 + 001 


1.0694526+001 


1 .0693656+001 


45 


1.2401766+001 


1 .2354896+001 


1.2354616+001 


50 


1.4079516+001 


1.4015666+001 


1.4015586+001 


t = l 








10 


1 . 7007336+000 


1.7544966+000 


1.2473726+000 


15 


3 .0154136+000 


3 .0887386 + 000 


2.9083366+000 


20 


4 .5668126+000 


4.6288236+000 


4.5693006+000 


25 


6 .2127406+000 


6 .2493546+000 


6 .2302646+000 


30 


7 . 8897666+000 


7 .8972926+000 


7 . 8912286+000 


35 


9 .5754426+000 


9 .5541126+000 


9 . 5521926+000 


40 


1.1262476+001 


1.1213766+001 


1.1213166+001 


45 


1.2948586+001 


1 .2874316+001 


1 .2874126+001 


50 


1.4633196+001 


1.4535146+001 


1.4535086+001 


t = 2 








10 


1.8751616+000 


1 . 9447786+000 


1,5108546+000 


15 


3 .2374066+000 


3 .3236326 + 000 


3.1718186+000 


20 


4 .8134406+000 


4 .8825396 + 000 


4,8327826+000 


25 


6 .4718886 + 000 


6 .5096676+000 


6 ,4937466+000 
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30 


8.1567186+000 


8 .1597646+000 


8.1547106+000 


35 


9.848428e+000 


9 .8172746+000 


9.8156746+000 


40 


1.1540726+001 


1.1477146+001 


1.1476646+001 


45 


1.3231666+001 


1.3137766+001 


1.3137606+001 


50 


1.4920796+001 


1.4798626+001 


1.4798576+001 


t=3 








10 


1 . 9929186+000 


2.0740196+000 


1 .6828346+000 


15 


3 .3843806+000 


3 .4793276+000 


3 .3437986+000 


20 


4 . 9756156+000 


5.0490126+000 


5.0047626+000 


25 


6 .6422166+000 


6.6798676+000 


6 .6657266+000 


30 


8 .3324906+000 


8.3311776+000 


8 .3266906+000 


35 


1. 0028616+001 


9.9890756+000 


9 . 9876546+000 


40 


1.1724846+001 


1.1649076+001 


1.1648626+001 


45 


1.3419446+001 


1 .3309726+001 


1 .3309586+001 


50 


1.5112026+001 


1.4970596+001 


1,4970556+001 


t=4 








10 


2.0811596+000 


2 .1711496 + 000 


1.8089296+000 


15 


3 .4932166+000 


3 .5945556+000 


3 .4698936+000 


20 


5.0952666+000 


5.1714556+000 


5.1308576+000 


25 


6.7679136+000 


6 .8047836+000 


6 .7918216+000 


30 


8 .4624106+000 


8 .4568976+000 


8 .4527856+000 


35 


1 .0162056+001 


1.0115056+001 


1.0113756+001 


40 


1.1861476+001 


1.1775126+001 


1 .1774716+001 


45 


1.3559066+001 


1.3435816+001 


1 .3435686+001 


50 


1.5254466+001 


1.5096686+001 


1 .5096646+001 


t=5 








10 


2 .1514526+000 


2.2486206+000 


1.9077676+000 


15 


3 .5792106 + 000 


3 .6854646 + 000 


3 ,5687316+000 


20 


5.1895916+000 


5.2676416+000 


5 .2296956+000 


25 


6.8670526+000 


6 .9027676 + 000 


6.8906606+000 


30 


8.5650276+000 


8 .5554636+000 


8 .5516246 + 000 


35 


1.0267626+001 


1 .0213806+001 


1 .0212596+001 


40 


1.1969756+001 


1 .1873946+001 


1.1873556+001 
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45 


1.3669896+001 


1.3534648+001 


1 .3534526+001 


50 


1.536772e+001 


1 .5195526+001 


1 .5195488+001 


t = 6 








10 


2 .209727e+000 


2.3128598+000 


1.9886556+000 


15 


3 .650071e+000 


3 .7602248+000 


3 .6496196+000 


20 


5.267202e+000 


5.3464856+000 


5.3105836+000 


25 


6 . 948672e+000 


6 .9829976+000 


6.9715478+000 


30 


8 . 649619e + 000 


8 .6361426 + 000 


8 .6325118+000 


35 


1.0354786+001 


1.0294628+001 


1,0293486+001 


40 


1 .2059276+001 


1 .1954806+001 


1.1954446+001 


45 


1.3761656+001 


1.3615526+001 


1.3615408+001 


50 


1.5461626+001 


1 .5276408+001 


1 .5276376+001 


t=7 








10 


2 .2594068+000 


2 .3676008+000 


2 .0568676+000 


15 


3 .7101998+000 


3.8235118+000 


3 .7178316+000 


20 


5.3329896+000 


5.4130596+000 


5 .3787958+000 


25 


7.0179026+000 


7 . 0506836+000 


7 .0397598+000 


30 


8.7214548+000 


8 .7041878+000 


8 .7007236+000 


35 


1. 0428896+001 


1.0362788+001 


1.0361698+001 


40 


1.2135506+001 


1 .2023006+001 


1 .2022658+001 


45 


1.3839886+001 


1.3683736+001 


1.3683628+001 


50 


1.5541776+001 


1 .5344616 + 001 


1 .5344588 + 001 


t = 8 








10 


2 .3026386+000 


2 .4151936+000 


2 .1156698+000 


15 


3 .7623266+000 


3 .8782376+000 


3 .7766338+000 


20 


5.3899836+000 


5.4705076+000 


5 .4375978+000 


25 


7 . 0779166+000 


7.1090506+000 


7.0985616+000 


30 


8.7837946+000 


8.7628508+000 


8 .7595256+000 


35 


1.0493286+001 


1 . 0421546+001 


1.0420496+001 


40 


1.2201816+001 


1.2081796+001 


1 .2081456+001 


45 


1.3908028+001 


1 .3742528+001 


1 .3742426+001 


50 


1 .5611656 + 001 


1 .5403416+001 


1.5403386+001 
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Table 9: Results of computing the number of bits per subchannel by 

SNR and t 
e=lO-\ p=3, a=8, C=0, k=2, K=256, e^O. 



t = 0 


b (Equation (13 .7) ) 


b (Equation (14 . 6) ) 


b (Equation (14.8)) 


10 


1.321766e+000 


1.3472966+000 


6 .2699716-001 


15 


2 .5096176+000 


2.5567136+000 


2 .2879616+000 


20 


3.9937686+000 


4.0394436+000 


3 .9489256+000 


25 


5.6081826+000 


5.6391326+000 


5 .6098896+000 


30 


7.2681296+000 


7.2801656+000 


7.2708536+000 


35 


8 . 9420236+000 


8 .9347686+000 


8 .9318176+000 


40 


1.0619386+001 


1.0593726+001 


1.0592786+001 


45 


1 .2296886+001 


1 .2254046+001 


1,2253756+001 


50 


1.3973556+001 


1 .3914806+001 


1.3914716+001 


t = l 








10 


1.5712346+000 


1.6143266+000 


1 .0438246+000 


15 


2 .8466576+000 


2 .9106606+000 


2 .7047886+000 


20 


4 .3776076+000 


4 .4340846+000 


4 .3657526+000 


25 


6. 0136366+000 


6 .0486766+000 


6.0267166+000 


30 


7.6849376+000 


7 .6946616+000 


7 .6876806+000 


35 


9.3664336+000 


9 .3508556+000 


9 .3486446+000 


40 


1.1049926+001 


1.1010316+001 


1.1009616+001 


45 


1 .2732836+001 


1 .2670796+001 


1.2670576+001 


50 


1 .4414476+001 


1.4331616+001 


1.4331546+001 


t = 2 








10 


1 .7028176+000 


1.7567606+000 


1.2505876+000 


15 


3 . 0180996+000 


3 . 0915766+000 


2.9115516+000 


20 


4 .5698106+000 


4.6319096+000 


4 .5725156+000 


25 


6 .2158926+000 


6 ,2525276+000 


6 .2334796+000 


30 


7.8930106+000 


7 .9004946+000 


7.8944446+000 


35 


9.5787566+000 


9 .5573246+000 


9 .5554086+000 


40 


1.1265846+001 


1.1216986+001 


1 . 1216376+001 


45 


1 .2952016+001 


1 .2877536+001 


1.2877346+001 


50 


1 .4636676 + 001 


1.4538366+001 


1.4538306+001 
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t=3 








10 


1 .7908406 + 000 


1.8525986+000 


1 .3848786+000 


15 


3 . 130784e + 000 


3 .2107456+000 


3 .0458426+000 


20 


4 .695270e+000 


4 .7610196+000 


4 .7068076+000 


25 


6 .347754e+000 


6 .3851356+000 


6.3677716+000 


30 


8.0287846+000 


8.0342486+000 


8.0287356+000 


35 


9.7175126+000 


9.6914456+000 


9.6896996+000 


40 


1.1407186+001 


1.1351226+001 


1.1350666+001 


45 


1.3095716+001 


1.3011806+001 


1.3011636+001 


50 


1.4782576+001 


1.4672656+001 


1.4672596+001 


t=4 








10 


1.8567356+000 


1.9246066+000 


1.4835356+000 


15 


3 .2142106+000 


3 .2990656+000 


3 .1444996+000 


20 


4.7877736+000 


4.8561556+000 


4 .8054646+000 


25 


6.4449286+000 


6.4826516+000 


6 .4664286+000 


30 


8.1289226+000 


8.1325426+000 


8 .1273926+000 


35 


9.8199696+000 


9 .7899866 + 000 


9.7883566+000 


40 


1.1511676+001 


1 .1449846+001 


1.1449326+001 


45 


1 .3202086 + 001 


1 .3110456+001 


1 ,3110286+001 


50 


1.4890706+001 


1 .4771306+001 


1.4771256+001 


t=5 








10 


1.9093876+000 


1.9822876+000 


1.5612966+000 


15 


3 .2803436+000 


3 .3691156+000 


3 .2222606+000 


20 


4.8608986+000 


4 .9313006+000 


4.8832246+000 


25 


6.5217326+000 


6 . 5595656+000 


6 .5441896 + 000 


30 


8.2081256+000 


8.2100336+000 


8 .2051536+000 


35 


9. 9010866+000 


9.8676626+000 


9 . 8661176+000 


40 


1. 1594486+001 


1.1527576+001 


1 .1527086+001 


45 


1.3286466+001 


1 .3188206+001 


1 .3188046+001 


50 


1.4976556+001 


1 .4849066+001 


1 .4849016+001 


t = 6 








10 


1 .9532716 + 000 


2 .0304486 + 000 


1.6254196+000 


15 


3 .3351306+000 


3 .4271556+000 


3 .2863836+000 
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20 


4. 9213546+000 


4 . 9933656+000 


4.9473476+000 


25 


6 . 5852266+000 


6.6230236+000 


6 .6083116+000 


30 


8 .2736456+000 


8 .2739446+000 


8 .2692756+000 


35 


9 . 9682466+000 


9.9317176+000 


9 .9302396 + 000 


40 


1, 1663116+001 


1.1591676+001 


1.1591206+001 


45 


1.3356446+001 


1.3252326+001 


1 .3252176 + 001 


50 


1.5047826+001 


1.4913186+001 


1.4913136+001 


t = 7 








10 


1.9909366+000 


2.0718396+000 


1.6799756+000 


15 


3 .3819236+000 


3 .4767246 + 000 


3 .3409396+000 


20 


4.9729106+000 


5 .0462396 + 000 


5.0019036+000 


25 


6 . 6393756+000 


6 .6770356+000 


6 . 6628676+000 


30 


8 .3295556 + 000 


8 .3283266+000 


8 .3238316+000 


35 


1.0025606+001 


9.9862186+000 


9.9847956+000 


40 


1.1721766+001 


1.1646216+001 


1.1645766+001 


45 


1.3416306+001 


1.3306876+001 


1.3306726+001 


50 


1.5108816+001 


1 .4967736+001 


1 .4967696+001 


t=8 








10 


2 . 0239656+000 


2.1081726+000 


1 .7274616+000 


15 


3 .4227926+000 


3 .5200096+000 


3 .3884256+000 


20 


5. 0178826+000 


5.0923116+000 


5.0493896+000 


25 


6.6866136+000 


6 .7240656+000 


6.7103536+000 


30 


8.3783576+000 


8.3756686+000 


8.3713186+000 


35 


1.0075696+001 


1 .0033666 + 001 


1.0032286+001 


40 


1 . 1773026+001 


1 .1693686+001 


1.1693256+001 


45 


1.3468656+001 


1.3354356+001 


1.3354216+001 


50 


1.5162196+001 


1 .5015226+001 


1.5015176+001 



The largest approximation error of approximately 5% (a relative error 
between b estimates obtained from Equation (13.7) and Equation (14.6)) is attained at 
lowest value of lowest value of and highest value of For the same 
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value of the number of correctable errors U larger signal-to-noise ratio ^values yield 
lower errors; and the error decreases as the length of the information field K increases. 
In another embodiment, a simpler solution than that of Equations (14.6) and (14.7) is 
presented. When the number of bits per subchannel b is greater than or equal to three 
{b>3), the following approximate solution can be used: 



Results obtained from this approximation for values of equal to 16, 64, and 256 are 
also presented in Tables 7, 8 and 9, respectively. In this embodiment, the highest relative 
error was attained at a lowest value of and a lowest value of ^-0. When b>3 the 
relative error was always less than 5%. For the same value of the maximum number of 
correctable errors t, larger values of the signal-to-noise ratio /yield smaller errors; and 
the error decreases as the length of the information field K increases. When b-3^ the 
absolute error of using Equations (14.8) and (14.9) did not exceed 0.12, and the absolute 
error decreased as the signal-to-noise ratio /increased. Therefore, for a not very poor 
quality channel, in which most of the subchannels bear at least 3 bits (Z?>3), the use of 
Equations (14.8) and (14.9) of this section is justified. For such a channel, the mean-field 
approximation of Equation (14.1) is valid because the relationship of Equation (14,8) is 
linear, including the relationship between b and the signal-to-noise ratio / while all 
effects of FEC and ARQ are incorporated in the free term {<S>{t,KX^)) of that linear 
relationship. The representation of Equation (14.8) for QAM channels allows the same 
value of the line coding gain gi (Equation (14.5) of this section) to be applied to all 
subchannels, and alternately at least a subset of the subchannels that exceed a threshold 
value of the signal-to-noise ratio. 



h^[Y+(l){t,KXs)]llQlog2 



(14.8) 




(14.9) 
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Optimization of FEC and ARQ parameters for G.lite-compliant DSL 
channels 



In another embodiment, the channel optimization problem is applied to the 
5 G.992.2 standard (1999) for DSL modems. That G.992.2 standard does not support 
ARQ. The effect of using ARQ in a G.992.2-compliant system is considered below. 

In G.992.2, the size of the DMT symbol, size of the FEC frame, and the 
number of control symbols in one FEC frame is restricted as follows: 



10 



^^^^K + C + R (15.1) 
a 



R^zs (15.2) 
15 C = s (15.3) 

where z is the number of FEC control symbols in a DMT symbol and s is the number of 
DMT symbols in a FEC frame. The G.992.2 standard has 13 possible pairs of s). 
Introducing Equations (14.1), (15.2), and (15.3) into Equation (15.1) yields the following 
20 relationship to determine the number of bits for a subchannel: 

b[Yj = -^{K^s + zs) (15.4) 



Combining Equations (14.1), (15.4) and (13.7)-(13.10) yields: 

25 
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f a[K-^s+zs) ^ 




f 








= 2 




erfc 


j 


1.5- 10^^ ''V 








I ) 










) 



(15.5) 



X 



2- 



C ajK-i-s+zs) > 

1-2 erfc 



1.5-10'''^''"/ 



2 ^"^-fi" _ 1 



where t is defined by Equation (123). 



5 As described above, when numerically solving Equation (15.5), the length 

of the information field a function of the effective signal-to-noise ratio Yeff^ the number 
of EEC control symbols in a DMT symbol the number of DMT symbols in a EEC 
frame s, the maximum number of transmissions k, and the effective number of 
subchannels Ueff, should be treated as a continuous variable, and the factorials in the 

10 W(. . .) definition are presented in the gamma-log form. 

In one implementation. Equation (15.5) was programmed in MatLab and 
solved numerically for the length of the information field K at different (z, s) pairs, and 
values of feff, rieff, and L For each value of feff and rtejf, the values of the net coding gain g„ 
15 were determined from Equations (15.4) and (14.4) and compared for predefined sets of 

allowable (k, s) triplets. The {k, s) triplet providing the maximal net coding gain gn 
(Equation (14.4)) was found, and the corresponding the line coding gain gi^ 
(Equation (14.5)) was calculated. The average number of transmissions vin 
Equations (14.4) and (14.5) was determined using Equation (13.17). 



In another embodiment, the line coding gain gi and the maximum number 
of transmissions k are stored in a lookup table and that, together with the corresponding 
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(z, s) pair, is used to determine the optimal channel performance. Specifically, since the 
"uncoded" number of bits per subchannel b( %ff), together with the effective 
signal-to-noise ratio }%-and effective number of subchannels Ueff, are known for a 
channel, the length of the information field K, alternately the integer part of it, can be 
5 determined from Equation (15.4). Furthermore, in the margin adjustment, the same value 

of the line coding gain gi can be used for all subchannels. 

Table 10, below, shows optimum sets of (s.Zyghk) tuples calculated at 
different effective values of the number of subchannels and signal-to-noise ratios, n^j^and 
10 Yejf, respectively. 

Table 10: Optimum FEC/ARQ parameters {s/z/gi/k) calculated for a hypothetical 
G.lite modem at different values of w^^and ^^^^Cthe effective number of subchannels 
n^j ranges from 1 to 96, the effective signal-to-noise ratio ranges from 10 to 50, 
15 e^O, and the maximum number of transmissions k varies between 1 and 10), 



^eff \?ef f 


10 


20 


30 


40 


50 


1 


1/0/0.0/ 1 


1/0/0.0/ 1 


1/0/2-7/7 


1/0/2.3/5 


1/0/2.0/4 


6 


1/0/1.7/8 


1/0/1.7/5 


1/0/1.6/4 


1/0/1.3/3 


1/0/1.3/3 


11 


1/0/1.4/7 


1/0/1,4/4 


1/0/1.5/4 


1/0/1.2/3 


1/0/1.2/3 


16 


1/0/1,2/6 


1/0/1.4/4 


8/1/1.6/2 


8/1/1.6/2 


8/1/1.5/2 


21 


1/0/1.2/6 


16/1/1.6/2 


8/1/1.5/2 


8/1/1,5/2 


4/1/1.4/2 


26 


1/0/1.1/6 


8/1/1.6/3 


8/1/1.5/2 


4/1/1.3/2 


4/1/1.3/2 


31 


16/1/1.2/3 


8/1/1.5/3 


8/1/1.4/2 


4/2/1.6/2 


4/2/1.5/2 


36 


16/1/1.2/3 


8/2/1.6/2 


4/2/1,6/2 


4/2/1.5/2 


2/2/1.4/2 


41 


16/1/1.1/3 


8/2/1.6/2 


4/2/1.5/2 


4/2/1.5/2 


2/2/1,4/2 


46 


16/1/1.1/3 


8/2/1,6/2 


4/2/1.5/2 


2/2/1.4/2 


2/2/1.3/2 


51 


8/2/1.2/3 


4/2/1.6/3 


4/2/1.5/2 


2/2/1.3/2 


2/2/1.3/2 


56 


8/2/1.2/3 


4/2/1.5/3 


4/2/1,5/2 


2/2/1.3/ 2 


2/2/1.3/2 


61 


8/2/1.2/3 


4/2/1.5/3 


4/2/1.4/2 


2/4/1.6/2 


2/4/1.5/2 


66 


8/2/1.2/3 


4/4/1.7/2 


2/4/1.6/2 


2/4/1.5/2 


2/4/1.5/2 


71 


8/2/1.2/3 


4/4/1.6/2 


2/4/1.6/2 


2/4/1,5/2 


1/4/1.4/2 
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76 


8/2/1.2/3 


4/4/1.6/2 


2/4/1.5/2 


2/4/1.5/2 


1/4/1.4/2 


81 


8/2/1.1/3 


4/4/1.6/2 


2/4/1.5/2 


2/4/1.5/2 


1/4/1.4/2 


86 


8/2/1.1/3 


4/4/1.6/2 


2/4/1.5/2 


2/4/1.5/2 


1/4/1.3/2 


91 


8/2/1.1/3 


4/4/1.6/2 


2/4/1.5/2 


1/4/1.4/2 


1/4/1.3/ 2 


96 


8/2/1.1/3 


4/4/1.6/2 


2/4/1.5/2 


1/4/1.3/2 


1/4/1.3/2 



As in the case described in section I without ARQ {k- 1), the line coding 
gain giiueff, Jeff) dependency has discontinuities where one of the integer values (s,z,k) 
5 changes. This behavior was explained above by the method of determining the line 

coding gain g/. hi one embodiment, the optimum ARQ strategy uses only one 
retransmission {k=2). Alternately, at a low signal-to-noise ratio (--10 dB), two (fe=3) or 
more retransmissions may be used. 

10 To implement ARQ in accordance with the present invention, the 

communications protocol is modified. In one embodiment, the feedback channel that 
provides the ARQ mechanism is guaranteed to be reliable. Typically, during data 
transmission, a positive acknowledgement signal is transmitted after a predetermined 
number of frames have been received for flow control. A negative acknowledgement 

15 signal is transmitted if a frame has an error. Each time a negative acknowledgement 

signal is received, the frame is transmitted unless the specified maximum number of 
transmissions k (MNT of Fig. 1) has been reached. 

In addition, the protocol is modified to allow the maximum number of 
20 transmissions to be specified in accordance with the present invention. In one 

embodiment, the maximum number of transmissions is the same for each direction of 
transmission. In an alternate embodiment, the maximum number of transmissions is 
different for each direction of transmission. 
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In yet another embodiment, different FEC parameters are used for 
each direction of transmission. In addition the number of subchannels can differ in 
each direction of transmission. 

5 ni. FEC parameters for G.dmt-compliant ADSL systems 

An optimizing strategy for remote terminal (RT) or central office (CO) 
modems provides a maximum throughput of the downstream or upstream channel, for 
a given, possibly non-optimal, behavior of the CO or RT modem, respectively. In 
10 this section, lookup tables for optimizing the performance of G.dmt-compliant 

modems are presented. The lookup tables are obtained using an extension of the 
general method, described above. When this extension of the general method is 
used, the optimum FEC parameters for G.dmt are adjusted in the high signal-to-noise 
ratio range. 



15 



1. A Channel Model 



The DMT symbol rate is fixed for a multicarrier channel, and 
maximizing the number of bits per DMT symbol is equivalent to maximizing the 
20 channel throughput. An equation for determining the maximum bit size of the DMT 
symbol in a multicarrier DMT system with FEC at the BER of ^has the following 
form: 



( 1 V^"" 

1- 

V 



X 



okkre, ^ ^))(l - 2-^(^-*^'^)^^ \rfc[^iA^^^^ (16.1) 
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where 



0){b)- 



2b + 3 



(16.2) 



r{K + ps + sz) 



r{K + ps+0.5 ■ sz)r(0.5 ■ sz + 1)_ 



-l/(0 5sz+l) 



(16.3) 



£,=1-1-- 



10 



(16.4) 



ris the gamma-function which is has the form /(x)=:(x-l)!, when x is a positive 
integer. As described above, ^is the fraction of erroneous bits per erroneous QAM 
symbol; a is the size of a code symbol; ySis the descrambler constant (the number of 

15 nonzero coefficients in the descrambler polynomial); /is the signal-to-noise ratio in 

dB; ^ is the bit load of a subchannel; s is the number of DMT symbols per FEC 
frame; z is the number of FEC control code symbols per DMT symbol; K is the 
number of information code symbols in a FEC frame, that is, the size of the 
information field; is the code symbol error rate (SER); and p represents a framing 

20 mode index, that is, the number of symbols used for framing mode overhead per 

DMT symbol; and 



r,>r* 



(16.5) 
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(16.6) 



where }^j^is the effective signal-to-noise ratio, as described above, n^^ is the effective 
number of subchannels, and 7* is the threshold value of the signal-to-noise ratio 
5 below which no information is passed. When default framing mode 3 is used, which 

has 1 sync byte per DMT symbol, the framing mode index p is equal to one. When 2 
sync bytes per DMT symbol are used, the framing mode index p is equal to two. 

There is an additional relation between the bit size of a DMT symbol 
10 and the size of a FEC frame inherent to ADSL standards (assuming that the default 
framing mode 3, the reduced overhead framing mode with merged fast and sync 
bytes, is used): 



(16.7) 



15 



Introducing Equation (16.7) into Equation (16.1) yields the following equation for 
determining the size of the information field ^ in an ADSL system: 



1- 



( ^ 

= 6) [K+ps + zs] 

sn 



X 



V 



2- 



1-2 



A 



'rfc 



— {K+ps+zs)+l 



2sn 



erfc 



{K+ix+zs]+l 



V 



-2 



20 



(16.8) 
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To determine the optimum bit load, Equation (16.8) is solved numerically for the size 
of the information field K. 

5 Referring back to Fig, 5, a method of evaluating channel performance 

that uses approximations (16.2) - (16.8) will be described. This embodiment is 
similar to the method described in section I with respect to Fig. 5 except that the EEC 
parameters include the number of DMT symbols per FEC frame s and the number of 
EEC control code symbols per DMT symbol z, rather than the maximum number of 

10 correctable errors In step 50, a number of information bits to be supported by a 

subchannel for allowable sets of FEC parameters, predetermined effective 
signal-to-noise ratios J^jand associated effective numbers of subchannels riejfis 
determined. The maximum number of bits able to be supported by a DMT symbol 
within the system's constraints is in accordance with Equation (16.9) below: 

15 

BuMT ^^b{Y^^^^z)^n^ffb(r,ff,s,z) (16,9) 

i=\ 

For the values of the effective signal-to-noise ratio }^^and the effective number of 
subchannels riejf. Equation (16.8) is solved for the size of the information field K at 

20 different allowable values of the number of DMT symbols per FEC frame s, and the 
number of FEC control code symbols per DMT symbol z; this solution, combined 
with Equation (16.9), yields the maximum number of information bits able to be 
supported by a DMT symbol within the system's constraints. In one embodiment, 
this information is stored in a table, such as the exemplary table shown in Table 12, 

25 below. 

In this embodiment, steps 51 and 52 are not changed and will not be 
further described. In step 53, a maximum net coding gain over allowable sets of FEC 
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parameters is determined. In one embodiment, the table generated in step 50 is 
iteratively accessed for each allowable set of FEC parameters based on the value of 
the effective number of subchannels and the effective signal-to-noise ratio to retrieve 
the associated number of bits per subchannel. The net coding gain per subchannel, in 
decibels, gnjb for each allowable set of FEC parameters is determined in accordance 
with Equation (16.10) below: 



^mb(^'^) = 3-01 



K + ps + sz K + ps 



(16.10) 



10 In step 54, one or more FEC parameters are selected based on the maximum net 

coding gain per subchannel gnjb. The selected FEC parameters yield the largest, i.e., 
the maximum, value of the net coding gain as determined in accordance with 
Equation (16.10). 

15 In step 55, the corresponding line coding gain, in decibels, gi^h is 

determined based on the forward error correction parameters that provide the 
maximum net coding gain gn,db^ The line coding gain per subchannel gijt is 
determined in accordance with the following relationship: 

20 g,,, (5, z) = 3.oiKn^ , 5, zh b(r,ff ,i,o)J (16.11) 



In step 56, the line coding gain gidh. and the one or more selected FEC parameters are 
transmitted to the peer modem. 
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2. Generalized method: multicarrier channel with FEC 



The method described in the previous subsection provides an exact 
solution when no restriction on the FEC frame size is applied. Alternately, in 
5 practice, the FEC frame size is bounded to limit the complexity of the decoder. As a 
result, Equation (16.8) is solved for the length of the information field K from the 
interval (0, Nmax-ps-sz), where Nmaj^256, So far it was assumed that such a solution 
does exist. The case when Equation (16.8) has no solution in the interval 
(0, Nmax'ps-sz) will be described below. 

10 

Define the excess of the "raw" (i.e., prior to decoding) bit error 
rate 0(K) as follows: 



V 



1 — 2 ^^^^^ 



{K-^ ps+zs) 







erfc 




J 





3-10'''^ / 2 



— {K+ps+zs)+l 



X 



2- 



(K+ps+zs) 



erfc 

) 

1 V^'^ 



2^«.# -2 



/J 



15 



(17.1) 



and 
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= 0) 



eff 

r V 
a 



sn 



\K + ps + zs) 



2- 



erfc 



3-10'''^ / 



2»er _ 2 



3-10^'^"°/ 



V -2 



(17.2) 



where pQAAiihTjis the probability of error in transmitting a QAM waveform 
representing a 2* -point constellation at the signal-to-noise ratio of % over the 
required BER level in a system with FEC given by the following formula. 



Pe = 



1- 



1 \ 



lla 



(17.3) 



10 



I.e., 



e = o)(b(y^ff,s,z))pQAM - Pe 



(17.4) 



15 



At 



0(O)<O 



(17.5) 



and 



20 0(N„^ps-sz)>O 



(17.6) 
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there is a solution K"^ (and accordingly, N'^^K^+ps+sz) such that at 0<K<K^ the 
FEC frame has a code rate K/N sufficiently large to provide a BER < £ for the data 
after decoding; and at K>K^>Nmax-ps-sz the code rate is insufficient to provide the 
desired BER level, i.e., a BER > sfov the data after decoding. Therefore, is an 
optimal solution providing the maximum FEC frame size within the acceptable BER 
range. 



At 



10 e(0)<0 (17.7) 



and 



e(Nrru^-pS-Sz)<0 (17.8) 



15 



all 0<K<Nrmx-ps-sz yield BER < £: In this case all values of K yield an appropriate 
BER level. Therefore, K-Nmax-ps-sz is an optimal solution providing the maximum 
FEC frame size and throughput within the acceptable BER range. It follows from 
Equation (16.7) that in this case, the number of bits per subchannel b does not depend 
20 on the signal-to-noise ratio, i.e.: 

b[Y,ff,s,zh-^ (17.9) 
sn^ff 



25 



Finally, at 

Q(0)>0 (17.10) 
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and 

0(Nmax-pS-SZ)>O (17,11) 

5 all 0<K<Nrmx-ps-sz yield BER > e. In other words, no appropriate value for K, 

where 0<K<Nmax-ps-sz, exists at these conditions. 

3. Numerical procedure and coding gain matrices 

10 In another embodiment, a complete set of net coding gain gnjB 

matrices for G.dmt-compliant modems for permissible (s,z) pairs are presented. 
Each (5,z)-associated matrix is a discrete representation of the function gnjB(nejf. Yejf)- 
The net coding gain matrices may be stored as one or more tables in memory. There 
are 23 matrices (excluding the uncoded (1,0) case) associated with the possible (s,z) 

15 pairs in G.dmt as shown below in Table 11. 



Table 11. Possible (s,z) pairs in G.dmt. 



s 


1 


1 


1 


1 


1 


1 


1 


1 


2 


2 


2 


2 


2 


2 


2 


2 


4 


4 


4 


4 


8 


8 


16 


z 


2 


4 


6 


8 


10 


12 


14 


16 


1 


2 


3 


4 


5 


6 


7 


8 


1 


2 


3 


4 


1 


2 


1 



20 To generate the net coding gain matrices. Equation (16.8) was programmed in 

MatLab and solved numerically using dichotomy, for different values of Jeff, ^eg, and 
(z, s). The initial K interval, for the dichotomy procedure, was (0,256 - ps~ zs) ; o^8; 
f^lO'^; /3^3; and p=l . The implementation of the generalized method can be 
described as follows. 



Prior to solving Equation (16.8), the conditions (17.4) and (17.5) are 
checked. If conditions (17.4) and (17.5) both hold, the dichotomy yields a value for 
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the length of the information field K within the interval of search. The value of the 
net coding gain gnjn is determined from Equation (16.10). 

If conditions (17.6) and (17.7) both hold, a value equal to Nmwc-ps-sz is 
5 used for the length of the information field K, the corresponding value of the number 
of bits per subchannel b is determined in accordance with Equation (17.8). The 
values of the net coding gain gnjB are determined in accordance with 
Equation (16.10). 

10 If the conditions (17.9) and (17.10) both hold, the uncoded case 

(b= b(YeffilO)) is preferable and the value of K^Nniax-p, The value of the net coding 
gain gn,dB is set equal to 0. 

Furthermore, the values of the net coding gain gn4B{neff, Yeff) can be 
15 compared for all possible (z, s) pairs, and the (z, s) pair providing the maximal value 

of the net coding gain gn^B can be found from Table 12, below. 

Table 1 2 : Opt imum EEC parameters (s/z/gn,dB) calculated for G.dmt modem at 
20 different rieff and values (number of effective subchannels riejf ranges from 1 to 226, 

effective SNR ranges from 15 to 50). 



neff \7eff 


15 


20 


25 


30 


35 


40 


45 


50 


1 


1/0/0.0 


1/0/0.0 


1/0/0.0 


1/0/0.0 


1/0/0.0 


1/0/0,0 


1/0/0.0 


1/0/0.0 


6 


16/1/0.4 


16/1/0 .8 


16/1/1 . 0 


16/1/1.0 


16/1/1.0 


16/1/1.0 


16/1/1.0 


16/1/1.0 


11 


16/1/1.7 


16/1/2.1 


16/1/2.3 


16/1/2.3 


16/1/2 .3 


16/1/2 .3 


8/1/1.7 


8/1/1.7 


16 


16/1/2 .2 


16/1/2.6 


16/1/2.8 


8/1/2.2 


8/1/2.2 


8/1/2.2 


8/1/2.2 


8/1/2.2 


21 


16/1/2 .5 


16/1/2 .9 


8/1/2.4 


8/1/2.5 


8/1/2.4 


8/1/2.4 


4/1/1.7 


4/1/1.7 


26 


16/1/2.6 


16/1/3 .0 


8/2/2.7 


8/2/2.7 


8/1/2,6 


4/2/2.0 


4/2/2.0 


4/2/2,0 


31 


16/1/2 .7 


8/2/2.8 


8/2/2.9 


8/2/2.9 


4/2/2,2 


4/2/2.2 


4/2/2,2 


4/2/2.2 


36 


16/1/2.8 


8/2/2.9 


8/2/3.0 


4/2/2.4 


4/2/2,4 


4/2/2,4 


4/2/2.3 


2/2/1.6 


41 


8/2/2.7 


8/2/3.0 


8/1/2.7 


4/3/2.5 


4/3/2.5 


4/3/2.5 


2/3/1,8 


2/3/1.7 
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46 


8/2/2.7 


8/2/3.1 


4/3/2.7 


4/3/2.7 


4/3/2.6 


4/1/2.1 


2/3/1.9 


2/3/1.9 


51 


8/2/2 . 8 


8/2/3 .1 


4/3/2.8 


4/3/2.8 


4/3/2.7 


2/3/2.0 


2/3/2.0 


2/3/2.0 


56 


8/2/2.8 


4/3/2.8 


4/3/2.8 


4/3/2.8 


2/4/2.2 


2/4/2.1 


2/4/2.1 


2/4/2.1 


61 


8/2/2.9 


4/4/2.8 


4/4/2.9 


4/4/2.9 


2/4/2.3 


2/4/2.2 


2/4/2.2 


2/4/2.2 


66 


8/2/2.9 


4/4/2.9 


4/4/3.0 


2/4/2.4 


2/4/2.3 


2/4/2.3 


2/4/2.3 


2/4/2.3 


71 


8/2/2 . 9 


4/4/3 .0 


4/4/3.0 


2/5/2.4 


2/5/2.4 


2/5/2.4 


2/5/2.3 


2/2/2.0 


76 


8/2/2.9 


4/4/3.0 


4/4/3.1 


2/5/2.5 


2/5/2.5 


2/5/2.4 


2/5/2.4 


1/6/1.6 


81 


4/4/2.7 


4/4/3.1 


4/2/2.8 


2/5/2.6 


2/5/2.5 


2/5/2.5 


2/2/2.0 


1/6/1.7 


86 


4/4/2.8 


4/4/3.1 


2/6/2.6 


2/5/2.6 


2/5/2.6 


2/5/2.6 


1/6/1,8 


1/6/1.8 


91 


4/4/2,8 


4/4/3.1 


2/6/2.7 


2/6/2.7 


2/6/2.6 


2/4/2.5 


1/6/1.9 


1/6/1.9 


96 


4/4/2.8 


4/4/3.1 


2/6/2.8 


2/6/2.7 


2/6/2.7 


1/6/2.0 


1/6/2.0 


1/6/1.9 


101 


4/4/2.9 


4/4/3.2 


2/6/2.8 


2/6/2.8 


2/6/2.7 


1/6/2.0 


1/6/2.0 


1/6/2.0 


106 


4/4/2.9 


4/3/3.0 


2/7/2.8 


2/6/2.8 


2/4/2.6 


1/8/2.1 


1/8/2.1 


1/8/2.0 


111 


4/4/2.9 


2/7/2.8 


2/7/2.9 


2/7/2 . 9 


1/8/2.2 


1/8/2.1 


1/8/2.1 


1/8/2,1 


116 


4/4/2 . 9 


2/7/2.9 


2/7/2.9 


2/7/2.9 


1/8/2.2 


1/8/2.2 


1/8/2.2 


1/8/2.1 


121 


4/4/2.9 


2/7/2.9 


2/7/2.9 


2/7/2.9 


1/8/2 .3 


1/8/2.2 


1/8/2.2 


1/8/2.2 


126 


4/4/2.9 


2/8/2.9 


2/8/3.0 


2/6/2.9 


1/8/2.3 


1/8/2.3 


1/8/2.2 


1/8/2.2 


131 


4/4/2.9 


2/8/3.0 


2/8/3.0 


2/3/2.5 


1/8/2 .3 


1/8/2,3 


1/8/2.3 


1/8/2.3 


136 


4/4/2.9 


2/8/3.0 


2/8/3.0 


1/10/2 .4 


1/8/2.4 


1/8/2.3 


1/8/2.3 


1/8/2.3 


141 


4/4/2.9 


2/8/3.0 


2/8/3.1 


1/10/2.5 


1/10/2.4 


1/10/2 .4 


1/10/2 .3 


1/6/2.2 


146 


4/4/2.9 


2/8/3 .0 


2/8/3 .1 


1/10/2.5 


1/10/2 .5 


1/10/2 .4 


1/10/2.4 


1/2/1.4 


151 


4/4/3.0 


2/8/3.1 


2/8/3.1 


1/10/2.5 


1/10/2.5 


1/10/2.5 


1/10/2 .4 


1/2/0.2 


156 


4/3/2,8 


2/8/3.1 


2/8/3.1 


1/10/2.6 


1/10/2.5 


1/10/2.5 


1/10/2.4 


1/0/0.0 


161 


2/8/2.8 


2/8/3 . 1 


2/5/3.0 


1/10/2.6 


1/10/2 .6 


1/10/2.5 


1/6/2.1 


1/0/0.0 


166 


2/8/2.8 


2/8/3.1 


1/10/2 .6 


1/10/2 .6 


1/10/2.6 


1/10/2 .5 


1/2/1.4 


1/0/0.0 


171 


2/8/2.8 


2/8/3 . 1 


1/12/2 ,7 


1/10/2.6 


1/10/2.6 


1/10/2 .6 


1/2/0.5 


1/0/0.0 


176 


2/8/2.8 


2/8/3 . 1 


1/12/2.7 


1/12/2 . 7 


1/12/2.6 


1/10/2.6 


1/0/0.0 


1/0/0.0 


181 


2/8/2.8 


2/8/3.1 


1/12/2 .7 


1/12/2.7 


1/12/2 .7 


1/8/2.5 


1/0/0.0 


1/0/0.0 


186 


2/8/2.9 


2/8/3.2 


1/12/2.7 


1/12/2.7 


1/12/2.7 


1/6/2.1 


1/0/0.0 


1/0/0.0 


191 


2/8/2.9 


2/8/3.2 


1/12/2.8 


1/12/2 .7 


1/12/2.7 


1/4/1.5 


1/0/0.0 


1/0/0.0 


196 


2/8/2.9 


2/8/3.2 


1/12/2 .8 


1/12/2.8 


1/12/2.7 


1/2/1.0 


1/0/0.0 


1/0/0.0 


201 


2/8/2.9 


2/8/3.2 


1/12/2.8 


1/12/2 . 8 


1/12/2 ,7 


1/2/0.2 


1/0/0.0 


1/0/0.0 


206 


2/8/2.9 


2/8/3.2 


1/12/2.8 


1/12/2.8 


1/12/2 .8 


1/0/0.0 


1/0/0.0 


1/0/0.0 


211 


2/8/2.9 


2/7/3.1 


1/14/2.9 


1/12/2.8 


1/10/2 .7 


1/0/0.0 


1/0/0.0 


1/0/0.0 


216 


2/8/2 . 9 


2/6/3,1 


1/14/2.9 


1/14/2.8 


1/6/2.5 


1/0/0.0 


1/0/0.0 


1/0/0,0 


221 


2/8/2,9 


1/14/2 .8 


1/14/2.9 


1/14/2.9 


1/4/2.1 


1/0/0.0 


1/0/0.0 


1/0/0.0 


226 


2/8/2.9 


1/14/2 .9 


1/14/2.9 


1/14/2 . 9 


1/4/1.6 


1/0/0.0 


1/0/0.0 


1/0/0.0 



-92- 



The corresponding table for the line coding gain gus is shown in Table 13, below. 



Table 13 : Optimum FEC parameters (s/z/gi^dB) calculated for G.dmt modem at 
different n^^and %j values (number of effective subchannels runs from 1 to 226, 
effective SNR runs from 15 to 50). 



neff\7eff 


15 


20 


25 


30 


35 


40 


45 


50 


1 


1/0/0.0 


1/0/0,0 


1/0/0,0 


1/0/0 . 0 


1 / U / U . U 


±/ U/ U . U 


±/ U/ U . U 


T /n / n n 
1 / U / U . U 


6 


16/1/ 4 . 9 


16/1/5 . 2 


16/1/5 . 3 


lo / 1/ b , o 


±b/ 1/ b . z 


J.D/ 1/ D . ± 


i-O / J./ 0 . J- 


XD/ 1/ b . ± 


11 


16/1/4 . 4 


16/1/4 . 8 


16/1/4 . 8 


16/1/4 .8 


16/1 /4 . 7 


16 / 1/4 . 7 


0/ 1/ 4 . U 


Q / T / /I A 

0/1/4 . U 


16 


16/1/4 . 2 


16/1/4 .5 


16/1/4 . 5 


o/ 1/ 3 . y 


0/1/0 Q 


Q / T / T Q 

0/ 1/ J .0 


0 / ±/ J , 0 


0 / J. / J . / 


21 


16/1/4 . 0 


16/1/4 . 3 


8/1/3.8 


8/1/3.7 


8/1/3 . 7 


0/ 1/ 3 , / 


4/1/2 .9 


4/1/2.9 


26 


16/1/3 . 9 


16/1/4.2 


8/2/4,7 


8/2/4 ,6 


8/1/3 .6 


4 / z / J . y 


A i '~i f n Q 


4 / z / J . y 


31 


16/1/3 . 8 


8/2/4 .5 


8/2/4 ,6 


o/ z/ 4 . b 


4 / z / ^ . y 


4 / Z / J . 0 


4 / Z / J . C3 


4 / Z / J .0 


36 


16/1/3 . 7 


8/2/4 .4 


8/2/4 .4 


4 / z / 3 . o 


4 / Z / ^ . 0 


4 / Z / J . / 




z/ z / z . y 


41 


8/2/4 .0 


8/2/4 .3 


O / T / O /I 

o / 1/ J .4 


A ! 1 A A 


4 / J / 4 . ^ 


A f 1 I A T 


0 1 "X 1 'X R 
Z/ J / J . D 


0 I "X f "X c: 

z/ J / -5 . :> 


46 


3/ z/ 3 . y 


Q / O / y1 O 

o/ z/ 4 , Z 


4 / J / 4 . o 


A /'i. / A "3 
4 / J / 4 . ^ 


A 1 'X 1 A 




0 /"X I'X ^ 


9 /"^ /7 


51 


Q / O / O Q 




A I'X } A "5 


A 1 'X 1 A 0 


A fx 1 A 0 


2/3/3.5 


2/3/3.4 


2 /3 /3 . 4 


56 


o y o / o 
y / z/ J . o 


A i H I A 1 


A 1 1 A O 


A I'X 1 A 0 
4 / J / ^ . Z 


0 1 A f'K Q 

Zf ^/ ^ .y 






0 /a /o 0 

Z / ^ / J . 0 


61 


8/2/3.8 


A/A/A 5 




4/4/4 .5 


2/4/3,9 


2/4/3 . 8 


2/4/3.8 


2/4/3 , 8 


66 


8/2/3.7 


4/4/4.5 


4/4/4.5 


2/4/3.9 


2/4/3.8 


2/4/3.8 




2/4/3.7 


71 


8/2/3.7 


4/4/4.4 


4/4/4.5 


2/5/4 .2 


2/5/4.1 


2/5/4.1 


2/5/4.1 


2/2/2.7 


76 


8/2/3.6 


4/4/4.4 


4/4/4.4 


2/5/4.1 


2/5/4.1 


2/5/4.1 


2/5/4.0 


1/6/3,6 


81 


4/4/4.0 


4/4/4.3 


4/2/3.4 


2/5/4.1 


2/5/4,1 


2/5/4.0 


2/2/2.6 


1/6/3.5 


86 


4/4/4.0 


4/4/4,3 


2/6/4.4 


2/5/4,1 


2/5/4,0 


2/5/4.0 


1/6/3.5 


1/6/3.5 


91 


4/4/3,9 


4/4/4.2 


2/6/4.3 


2/6/4.3 


2/6/4,3 


2/4/3.6 


1/6/3.5 


1/6/3.5 


96 


4/4/3 . 9 


4/4/4.2 


2/6/4,3 


2/6/4.3 


2/6/4.2 


1/6/3.5 


1/6/3.5 


1/6/3.4 


101 


4/4/3.9 


4/4/4.2 


2/6/4,3 


2/6/4.2 


2/6/4.2 


1/6/3.5 


1/6/3.4 


1/6/3 .4 


106 


4/4/3.9 


4/3/3.8 


2/7/4.5 


2/6/4.2 


2/4/3.6 


1/8/3.9 


1/8/3.9 


1/8/3.9 


111 


4/4/3.8 


2/7/4.4 


2/7/4.4 


2/7/4.4 


1/8/3.9 


1/8/3.9 


1/8/3.9 


1/8/3 .8 


116 


4/4/3.8 


2/7/4.4 


2/7/4 .4 


2/7/4.4 


1/8/3.9 


1/8/3,9 


1/8/3.8 


1/8/3.8 


121 


4/4/3.8 


2/7/4.3 


2/7/4 .4 


2/7/4.3 


1/8/3.9 


1/8/3.8 


1/8/3.8 


1/8/3.8 


126 


4/4/3.7 


2/8/4.5 


2/8/4.5 


2/6/4.1 


1/8/3.9 


1/8/3.8 


1/8/3.8 


1/8/3.8 


131 


4/4/3.7 


2/8/4.5 


2/8/4.5 


2/3/3 .1 


1/8/3 . 8 


1/8/3.8 


1/8/3.8 


1/8/3,7 


136 


4/4/3.7 


2/8/4.4 


2/8/4.5 


1/10/4.2 


1/8/3,8 


1/8/3.8 


1/8/3.7 


1/8/3.7 



-93- 



141 


4/4/3.7 


2/8/4.4 


2/8/4.5 


1/10/4.2 


1/10/4.1 


1/10/4 .1 


1/10/4 .1 


1/6/3.3 


146 


4/4/3.7 


2/8/4.4 


2/8/4.4 


1/10/4.2 


1/10/4 .1 


1/10/4.1 


1/10/4.0 


1/2/1.8 


151 


4/4/3.6 


2/8/4.4 


2/8/4.4 


1/10/4 .1 


1/10/4 .1 


1/10/4 ,1 


1/10/4,0 


1/2/0.5 


156 


4/3/3.3 


2/8/4.3 


2/8/4.4 


1/10/4.1 


1/10/4.1 


1/10/4 .0 


1/10/4 ,0 


1/0/0.0 


161 


2/8/4.0 


2/8/4.3 


2/5/3.7 


1/10/4.1 


1/10/4.1 


1/10/4 .0 


1/6/3.0 


1/0/0.0 


166 


2/8/4.0 


2/8/4,3 


1/10/4.1 


1/10/4.1 


1/10/4.0 


1/10/4.0 


1/2/1.7 


1/0/0.0 


171 


2/8/4.0 


2/8/4.3 


1/12/4.4 


1/10/4.1 


1/10/4.0 


1/10/4.0 


1/2/0.8 


1/0/0.0 


176 


2/8/4.0 


2/8/4.3 


1/12/4.4 


1/12/4.3 


1/12/4.3 


1/10/4.0 


1/0/0.0 


1/0/0.0 


181 


2/8/4.0 


2/8/4.2 


1/12/4.3 


1/12/4.3 


1/12/4.3 


1/8/3.6 


1/0/0.0 


1/0/0.0 


186 


2/8/3.9 


2/8/4.2 


1/12/4.3 


1/12/4.3 


1/12/4 .2 


1/4/2.9 


1/0/0.0 


1/0/0.0 


191 


2/8/3.9 


2/8/4.2 


1/12/4.3 


1/12/4.3 


1/12/4 .2 


1/4/2.0 


1/0/0.0 


1/0/0.0 


196 


2/8/3.9 


2/8/4.2 


1/12/4.3 


1/12/4.3 


1/12/4 .2 


1/2/1.2 


1/0/0.0 


1/0/0.0 


201 


2/8/3.9 


2/8/4.2 


1/12/4 .3 


1/12/4 .2 


1/12/4 .2 


1/2/0,4 


1/0/0.0 


1/0/0.0 


206 


2/8/3.9 


2/8/4.2 


1/12/4 .3 


1/12/4 .2 


1/12/4 .2 


1/0/0.0 


1/0/0.0 


1/0/0,0 


211 


2/8/3.9 


2/7/4.0 


1/14/4.5 


1/12/4.2 


1/10/3 .9 


1/0/0.0 


1/0/0.0 


1/0/0,0 


216 


2/8/3.8 


2/6/3.8 


1/14/4.5 


1/14/4 .4 


1/6/3.2 


1/0/0.0 


1/0/0,0 


1/0/0,0 


221 


2/8/3.8 


1/14/4.4 


1/14/4.4 


1/14/4 .4 


1/4/2.6 


1/0/0.0 


1/0/0.0 


1/0/0.0 


226 


2/8/3.8 


1/14/4.4 


1/14/4.4 


1/14/4 .4 


1/4/2,1 


1/0/0.0 


1/0/0.0 


1/0/0.0 



In an alternate embodiment, because the (SyZ)-p3ixvs in G.lite are a subset of the set of 
fs,zj-pairs in G.dmt, the net coding gain gnjB data for G.lite can be retrieved from 
5 Tables 14 to 36, below. 

Table 14: (s=l,z=2): Net Coding Gain Matrix (dB) 



nefAfeff 


15 


20 


25 




30 




35 


40 




45 


50 


1 


0 


.0 


0.0 


0 . 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0.0 


6 


0 


,0 


0.0 


0. 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 


11 


0 


.0 


0.0 


0 . 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0.0 


16 


0 


, 0 


0.0 


0. 


0 


0 . 


0 


0.0 


0 , 


0 


0.0 


0.0 


21 


0 


.0 


0.0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0.0 


26 


0 


.1 


0.3 


0. 


3 


0 . 


4 


0.3 


0 . 


3 


0.3 


0.3 


31 


0 


.3 


0.5 


0. 


6 


0 . 


6 


0,6 


0. 


6 


0.6 


0.6 


36 


0 


.5 


0.7 


0. 


8 


0, 


8 


0.8 


0 . 


8 


0.7 


0,7 
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41 


0 . 


6 


0 . 8 


0 . 


9 


0 . 


9 


0 . 9 


0 . 


9 


0 . 9 


0 , 


9 




46 


0 . 


7 


0 . 9 


1 . 


0 


1 . 


0 


1 . 0 


1 . 


0 


1 . 0 


1 . 


0 




51 


0. 


8 


1 . 0 


1 . 


1 


1 . 


1 


1 . 1 


1 , 


1 


1 . 1 


1 . 


0 




56 


0. 


9 


1.1 


1 . 


1 


1 . 


2 


1 . 1 


1 . 


1 


1 . 1 


1 . 


1 


5 


61 


0, 


9 


1.1 


1. 


2 


1 . 


2 


1.2 


1 . 


2 


1.2 


1 . 


2 




66 


1. 


0 


1.2 


1. 


2 


1 . 


2 


1.2 


1 . 


2 


1.2 


1 . 


2 




71 


1. 


0 


1.2 


1 . 


3 


1 . 


3 


1.3 


1 . 


3 


1.2 


1 . 


2 




76 


1. 


0 


1.2 


1. 


3 


1. 


3 


1.3 


1. 


3 


1.3 


1 . 


3 




81 


1 . 


1 


1.3 


1. 


3 


1 


3 


1.3 


1 . 


3 


1.3 


1 . 


3 


10 


86 


1 . 


1 


1.3 


1. 


4 


1 


4 


1.3 


1, 


3 


1.3 


1 . 


3 




91 


1, 


1 


1.3 


1 . 


4 


1 


4 


1.4 


1 


4 


1.3 


1. 


3 




96 


1, 


1 


1.3 


1. 


4 


1 


4 


1,4 


1 


4 


1.4 


1 , 


3 




101 


1 


2 


1.4 


1 . 


4 


1 


4 


1.4 


1 


4 


1.4 


1. 


4 




106 


1 


2 


1.4 


1 . 


4 


1 


4 


1.4 


1 


4 


1.4 


1, 


4 


15 


111 


1 


2 


1.4 


1 . 


4 


1 


4 


1.4 


1 


4 


1.4 


1. 


4 




116 


1 


2 


1.4 


1. 


4 


1 


4 


1.4 


1 


4 


1.4 


1, 


4 




121 


1 


2 


1.4 


1 . 


4 


1 


4 


1.4 


1 


4 


1,4 


1 . 


4 




126 


1 


2 


1.4 


1, 


5 


1 


5 


1.4 


1 


4 


1,4 


1 


4 




131 


1 


2 


1.4 


1. 


5 


1 


.5 


1.4 


1 


4 


1.4 


1 


4 


20 


136 


1 


2 


1.4 


1 , 


5 


1 


.5 


1.5 


1 


.4 


1,4 


1 


4 




141 


1 


.2 


1.4 


1 


5 


1 


.5 


1.5 


1 


.4 


1,4 


1 


4 




146 


1 


.2 


1.4 


1 


5 


1 


.5 


1.5 


1 


.4 


1,4 


1 


4 




151 


1 


.2 


1.4 


1 


5 


1 


.5 


1 . 5 


1 


.5 


1.4 


0 


2 




156 


1 


.3 


1.4 


1 


5 


1 


.5 


1 . 5 


1 


. 5 


1 . 4 


0 


0 


25 


161 


1 


.3 


1.4 


1 


5 


1 


.5 


1.5 


1 


.5 


1.4 


0 


0 




166 


1 


.3 


1.4 


1 


5 


1 


. 5 


1 . 5 


1 


. 5 


1 . 4 


0 


0 




171 


1 


.3 


1.4 


1 


5 


1 


.5 


1.5 


1 


. 5 


0 . 5 


0 


. 0 




176 


1 


.3 


1.5 


1 


5 


1 


.5 


1.5 


1 


.5 


0.0 


0 


.0 




181 


1 


.3 


1.5 


1 


5 


1 


.5 


1.5 


1 


,5 


0 . 0 


0 


.0 


30 


186 


1 


.3 


1.5 


1 


.5 


1 


.5 


1.5 


1 


.5 


0 . 0 


0 


,0 




191 


1 


.3 


1.5 


1 


.5 


1 


.5 


1.5 


1 


.5 


0.0 


0 


.0 




196 


1 


.3 


1.5 


1 


.5 


1 


.5 


1.5 


1 


.0 


0.0 


0 


.0 




201 


1 


.3 


1.5 


1 


.5 


1 


,5 


1.5 


0 


.2 


0.0 


0 


. 0 




206 


1 


.3 


1.5 


1 


.5 


1 


,5 


1.5 


0 


.0 


0.0 


0 


. 0 


35 


211 


1 


.3 


1.5 


1 


.5 


1 


.5 


1.5 


0 


.0 


0.0 


0 


.0 
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216 1.3 1.5 
221 1.3 1.5 
226 1.3 1.5 



1.5 1.5 1.5 
1.5 1.5 1.5 
1.5 1.5 1.5 



0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 



Table 15: (s=l,z=4): Net Coding Gain Matrix (dB) 



10 



15 



20 



25 



30 



neff \7eff 


15 


20 


25 


30 


35 


40 




45 


50 


1 


0 


0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0 . 0 


6 


0 


. 0 


0 . 0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0 . 0 


11 


0 


0 


0.0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0,0 


0.0 


16 


0 


.0 


0.0 


0. 


0 


0, 


0 


0.0 


0. 


0 


0.0 


0.0 


21 


0 


. 0 


0.0 


0 . 


0 


0. 


0 


0.0 


0 . 


0 


0.0 


0.0 


26 


0 


. 0 


0.0 


0. 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0,0 


31 


0 


.0 


0.2 


0. 


2 


0. 


2 


0.2 


0 . 


2 


0.2 


0.2 


36 


0 


.3 


0.5 


0. 


6 


0. 


6 


0.6 


0. 


6 


0.5 


0.5 


41 


0 


.5 


0.8 


0. 


9 


0 . 


9 


0.8 


0, 


8 


0.8 


0.8 


46 


0 


.7 


1.0 


1 . 


1 


1 . 


1 


1.1 


1, 


0 


1.0 


1 . 0 


51 


0 


.9 


1.2 


1 . 


2 


1 . 


2 


1.2 


1. 


2 


1.2 


1.2 


56 


1 


.0 


1.3 


1. 


4 


1. 


4 


1,3 


1. 


3 


1.3 


1.3 


61 


1 


. 1 


1.4 


1 . 


5 


1 . 


5 


1.5 


1. 


4 


1,4 


1.4 


66 


1 


.2 


1.5 


1 . 


6 


1. 


6 


1.5 


1. 


5 


1.5 


1.5 


71 


1 


.3 


1.6 


1 . 


6 


1. 


6 


1.6 


1. 


6 


1.6 


1.6 


76 


1 


.4 


1.6 


1. 


7 


1. 


7 


1.7 


1. 


7 


1,6 


1.6 


81 


1 


.4 


1.7 


1. 


8 


1. 


8 


1.7 


1. 


7 


1.7 


1.7 


86 


1 


.5 


1.7 


1. 


8 


1. 


8 


1.8 


1. 


8 


1.7 


1.7 


91 


1 


.5 


1.8 


1. 


8 


1 . 


8 


1.8 


1. 


8 


1.8 


1.8 


96 


1 


. 6 


1.8 


1 . 


9 


1 . 


9 


1 . 9 


1. 


8 


1.8 


1.8 


101 


1 


.6 


1.9 


1 . 


9 


1. 


9 


1.9 


1. 


9 


1.8 


1.8 


106 


1 


.6 


1.9 


1 . 


9 


1 , 


9 


1,9 


1 . 


9 


1,9 


1.9 


111 


1 


.6 


1.9 


2 . 


0 


2 


0 


1.9 


1. 


9 


1,9 


1.9 


116 


1 


.7 


1.9 


2 


0 


2 


0 


2.0 


1 


9 


1.9 


1.9 


121 


1 


.7 


1.9 


2 


0 


2 


0 


2 .0 


2 


0 


1.9 


1.9 


126 


1 


.7 


2.0 


2 


0 


2 


0 


2.0 


2 


0 


2.0 


1.9 


131 


1 


.7 


2.0 


2 


0 


2 


0 


2.0 


2 


0 


2.0 


2.0 
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136 


1 . 


7 


2 . 0 


2 , 


1 


2 . 


1 


2 . 0 




. u 


Z . (J 


o 

A . 


u 


141 


1 . 


8 


2 . 0 


2 , 


1 


2 


1 


2 . 0 


2 


. 0 


2 . 0 


2 , 


0 


146 


1 . 


8 


2 . 0 


2 


1 


2 


1 


2 . 1 


2 


. 0 


2 . 0 


1 


3 


151 


1 . 


8 


2 . 0 


2 


1 


2 


1 


2 . 1 


2 


. 0 


Z . 0 


U 


u 


156 


1. 


8 


2 . 0 


2 


1 


2 


1 


2 . 1 


2 


. 0 


2 . 0 


0 


0 


161 


1, 


8 


2 . 1 


2 


1 


2 


1 


2 . 1 


2 


. 1 


2 . 0 


0 


0 


166 


1. 


8 


2 . 1 


2 


1 


2 


1 


2 , 1 


2 


. 1 


1 . 3 


0 


0 


171 


1 


8 


2.1 


2 


1 


2 


1 


2 . 1 


2 


, 1 


0.2 


0 


0 


176 


1 


8 


2.1 


2 


1 


2 


1 


2 . 1 


2 


. 1 


0 . 0 


0 


0 


181 


1 


8 


2.1 


2 


1 


2 


1 


2.1 


2 


.1 


0.0 


0 


0 


186 


1 


8 


2.1 


2 


1 


2 


1 


2.1 


2 


. 1 


0.0 


0 


0 


191 


1 


9 


2.1 


2 


1 


2 


1 


2.1 


1 


.5 


0.0 


0 


0 


196 


1 


9 


2.1 


2 


2 


2 


.1 


2.1 


0 


.7 


0.0 


0 


.0 


201 


1 


9 


2.1 


2 


.2 


2 


.1 


2.1 


0 


. 0 


0.0 


0 


.0 


206 


1 


9 


2.1 


2 


.2 


2 


.2 


2 .1 


0 


. 0 


0.0 


0 


.0 


211 


1 


9 


2.1 


2 


.2 


2 


.2 


2.1 


0 


.0 


0.0 


0 


. 0 


216 


1 


9 


2.1 


2 


.2 


2 


.2 


2.1 


0 


.0 


0.0 


0 


. 0 


221 


1 


.9 


2 . 1 


2 


.2 


2 


.2 


2 . 1 


0 


.0 


0.0 


0 


. 0 


226 


1 


.9 


2.1 


2 


.2 


2 


.2 


1.6 


0 


.0 


0.0 


0 


. 0 



20 

Table 16: (s=l,z=6): Net Coding Gain Matrix (dB) 



neff\%ff 


15 


20 


25 




30 




35 


40 


45 


50 


1 


0 


.0 


0.0 


0. 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 


6 


0 


.0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 


11 


0 


.0 


0.0 


0. 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 


16 


0 


. 0 


0.0 


0. 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 


21 


0 


. 0 


0 . 0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0.0 


26 


0 


,0 


0.0 


0. 


0 


0. 


0 


0.0 


0 . 


0 


0.0 


0.0 


31 


0 


. 0 


0.0 


0. 


0 


0. 


0 


0.0 


0 . 


0 


0.0 


0.0 


36 


0 


.0 


0.0 


0 . 


1 


0 . 


1 


0.0 


0 . 


0 


0.0 


0.0 


41 


0 


.1 


0.4 


0 . 


5 


0 . 


5 


0.4 


0 . 


4 


0.4 


0.4 


46 


0 


.4 


0.7 


0 . 


8 


0 . 


8 


0.8 


0 . 


7 


0.7 


0.7 


51 


0 


.7 


1.0 


1. 


0 


1. 


0 


1.0 


1. 


0 


0.9 


0.9 
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56 


0 . 


9 


1 . 2 


1 . 


2 


1 . 2 


1 . 2 


1 . 


2 


1 , 1 


1 . 1 






61 


1 , 


0 


1 . 3 


1 . 


4 


1 . 4 


1 . 4 


1 . 


3 


1 . 3 


1 . 3 






66 


1 . 


2 


1 . 5 


1 . 


5 


1 , 5 


1 . 5 


1 . 


5 


1 . 5 


1 , 4 






71 


1, 


3 


1 . 6 


1 . 


7 


1 , 7 


1 . 6 


1 , 


6 


1 . 6 


1 . 5 




5 


76 


1 


4 


1.7 


1 . 


8 


1,8 


1 . 7 


1 . 


7 


1 . 7 


1 . 6 






81 


1 


5 


1.8 


1. 


8 


1.8 


1.8 


1 . 


8 


1 . 8 


1.7 






86 


1 


6 


1.8 


1 , 


9 


1.9 


1 . 9 


1 . 


9 


1 . 8 


1 . 8 






91 


1 


6 


1.9 


2 . 


0 


2.0 


1.9 


1 . 


9 


1.9 


1.9 






96 


1 


7 


2.0 


2 . 


0 


2.0 


2.0 


2 . 


0 


2.0 


1.9 




10 


101 


1 


7 


2.0 


2 . 


1 


2.1 


2.1 


2 . 


0 


2,0 


2.0 






106 


1 


8 


2.1 


2 . 


1 


2.1 


2.1 


2 , 


1 


2.0 


2.0 






111 


1 


8 


2 . 1 


2 . 


2 


2.2 


2 .1 


2 , 


1 


2.1 


2,1 






116 


1 


9 


2 . 1 


2 , 


2 


2 .2 


2.2 


2 , 


1 


2.1 


2 . 1 






121 


1 


9 


2.2 


2. 


2 


2.2 


2.2 


2 


2 


2.2 


2.1 


fl 1 


15 


126 


1 


9 


2.2 


2 


3 


2.3 


2.2 


2 


2 


2.2 


2.2 






131 


2 


0 


2.2 


2 


3 


2.3 


2.3 


2 


2 


2.2 


2 .2 


ill I 




136 


2 


. 0 


2.3 


2 


3 


2.3 


2,3 


2 


3 


2.2 


2.2 






141 


2 


. 0 


2,3 


2 


3 


2.3 


2.3 


2 


3 


2.2 


2 .2 






146 


2 


. 0 


2.3 


2 


4 


2.4 


2.3 


2 


3 


2.3 


0.9 




20 


151 


2 


. 0 


2.3 


2 


4 


2.4 


2.3 


2 


3 


2.3 


0 . 0 






156 


2 


. 1 


2.3 


2 


4 


2 .4 


2.4 


2 


3 


2.3 


0 .0 






161 


2 


.1 


2.4 


2 


4 


2.4 


2.4 


2 


.3 


2 . 1 


0 . 0 






166 


2 


.1 


2 .4 


2 


4 


2 .4 


2 .4 


2 


.4 


1 . 0 


0 . 0 






171 


2 


.1 


2.4 


2 


4 


2 .4 


2 .4 


2 


.4 


0 . 0 


0 . 0 




25 


176 


2 


.1 


2.4 


2 


.5 


2 .4 


2 .4 


2 


.4 


0 . 0 


0 . 0 






181 


2 


.1 


2.4 


2 


.5 


2.5 


2.4 


2 


.4 


0.0 


0.0 






186 


2 


.1 


2.4 


2 


.5 


2.5 


2.4 


2 


,1 


0.0 


0.0 






191 


2 


.2 


2.4 


2 


.5 


2.5 


2.4 


1 


.3 


0.0 


0.0 






196 


2 


.2 


2.4 


2 


.5 


2.5 


2.4 


0 


.5 


0.0 


0.0 




30 


201 


2 


,2 


2.4 


2 


. 5 


2.5 


2.5 


0 


.0 


0.0 


0.0 






206 


2 


.2 


2.4 


2 


.5 


2.5 


2.5 


0 


. 0 


0.0 


0.0 






211 


2 


.2 


2.5 


2 


.5 


2.5 


2.5 


0 


.0 


0.0 


0.0 






216 


2 


.2 


2.5 


2 


.5 


2.5 


2.5 


0 


.0 


0.0 


0.0 
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10 



15 



20 



25 



30 



221 


2. 


2 


2.5 


2 . 


5 


2 . 


5 


2.0 


0 . 


0 


0.0 


0. 


0 


226 


2 . 


2 


2.5 


2 , 


5 


2 . 


5 


1.4 


0 . 


0 


0.0 


0. 


0 








Table 17: 


(8=1,2=8): Net Coding Gain Matr 


^eff ^Yeff 


15 


20 


25 


30 


35 


40 




45 


50 




1 


0. 


0 


0.0 


0 . 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0 . 


0 


6 


0 


0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0 . 0 


0 . 


0 


11 


0 


0 


0.0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0. 


0 


16 


0 


0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0, 


0 


21 


0 


0 


0.0 


0. 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0. 


0 


26 


0 


0 


0 . 0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0. 


0 


31 


0 


0 


0.0 


0. 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0 . 


0 


36 


0 


0 


0.0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0. 


0 


41 


0 


0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0 . 


0 


46 


0 


.0 


0.3 


0 . 


3 


0. 


3 


0.3 


0. 


2 


0.2 


0 . 


2 


51 


0 


.3 


0.6 


0 . 


7 


0 . 


6 


0.6 


0. 


6 


0.5 


0 . 


5 


56 


0 


. 6 


0.9 


0 . 


9 


0 . 


9 


0.9 


0 . 


8 


0.8 


0 . 


8 


61 


0 


.8 


1.1 


1, 


2 


1 


1 


1.1 


1 . 


1 


1.0 


1. 


0 


66 


1 


.0 


1.3 


1. 


3 


1 


3 


1.3 


1. 


3 


1.2 


1. 


2 


71 


1 


.1 


1.4 


1. 


5 


1 


5 


1.5 


1. 


4 


1.4 


1. 


4 


76 


1 


.3 


1 . 6 


1. 


6 


1 


6 


1.6 


1, 


6 


1.5 


1. 


5 


81 


1 


.4 


1.7 


1. 


8 


1 


7 


1.7 


1. 


7 


1.6 


1 . 


6 


86 


1 


.5 


1.8 


1. 


9 


1 


.8 


1.8 


1. 


8 


1.7 


1 


7 


91 


1 


. 6 


1.9 


2 


0 


1 


.9 


1.9 


1 


9 


1.8 


1 


8 


96 


1 


.7 


2.0 


2 


0 


2 


.0 


2.0 


1 


9 


1.9 


1 


9 


101 


1 


. 7 


2.0 


2 


1 


2 


.1 


2.1 


2 


0 


2 . 0 


2 


0 


106 


1 


.8 


2 . 1 


2 


2 


2 


.2 


2.1 


2 


1 


2.1 


2 


0 


111 


1 


.8 


2.2 


2 


2 


2 


.2 


2.2 


2 


1 


2.1 


2 


1 


116 


1 


.9 


2.2 


2 


3 


2 


.3 


2.2 


2 


2 


2.2 


2 


1 


121 


1 


. 9 


2.3 


2 


3 


2 


.3 


2.3 


2 


2 


2.2 


2 


2 


126 


2 


.0 


2.3 


2 


.4 


2 


.3 


2.3 


2 


.3 


2.2 


2 


.2 


131 


2 


. 0 


2.3 


2 


.4 


2 


.4 


2.3 


2 


.3 


2.3 


2 


.3 


136 


2 


. 1 


2.4 


2 


.4 


2 


.4 


2.4 


2 


.3 


2.3 


2 


.3 
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141 


2 . 


1 


2 . 


4 


2 . 


5 


2 . 


4 


2 . 4 


2 . 


4 


2 . 3 


2 . 


u 




146 


2 . 


1 


2 . 


4 


2 . 


5 


2 . 


5 


2 . 4 


2 . 


4 


2 . 4 


A 

0 . 


f 

o 




151 


2 . 


2 


2 . 


5 


2 . 


5 


2 . 


5 


2 . 5 


2 . 


4 


2 . 4 


0 . 


0 




156 


2 . 


2 


2 


5 


2 . 


5 


2 . 


5 


2 . 5 


2 . 


5 


2 . 4 


0 . 


0 


5 


161 


2 , 


2 


2 


5 


2 . 


6 


2 . 


5 


2 . 5 


2 . 


5 


1 . 8 


0 . 


0 




166 


2 , 


2 


2 


5 


2 . 


6 


2 . 


6 


2 . 5 


2 . 


5 


0 . 7 


0 . 


0 




171 


2 


2 


2 


5 


2 . 


6 


2 . 


6 


2 . 5 


2 . 


5 


0 . 0 


0 . 


0 




176 


2 


3 


2 


6 


2 . 


6 


2 


6 


2 . 6 


2 . 


5 


0 . 0 


0 . 


0 




181 


2 


3 


2 


6 


2 . 


6 


2 


6 


2.6 


2 . 


5 


0 . 0 


0 . 


0 


10 


186 


2 


3 


2 


6 


2 . 


6 


2 


6 


2.6 


1. 


9 


0 . 0 


0 . 


0 




191 


2 


3 


2 


6 


2 . 


7 


2 


6 


2.6 


1 


0 


0.0 


0, 


0 




196 


2 


3 


2 


6 


2 . 


7 


2 


7 


2.6 


0 


2 


0.0 


0, 


0 




201 


2 


3 


2 


6 


2 . 


7 


2 


7 


2.6 


0 


0 


0.0 


0 


0 




206 


2 


4 


2 


.6 


2 . 


7 


2 


7 


2.6 


0 


0 


0.0 


0 


0 




211 


2 


^ 4 


2 


. 6 


2 . 


7 


2 


7 


2.7 


0 


0 


0.0 


0 


0 




216 


2 


A 
. f± 


2 


.7 


2 . 


7 


2 


.7 


2.4 


0 


0 


0.0 


0 


0 




221 


2 


A 


2 


. 7 


2 . 


7 


2 


.7 


1 . 8 


0 


0 


0 . 0 


0 


0 




226 


2 




2 


. 7 


2 . 


7 


2 


.7 


1.2 


0 


.0 


0.0 


0 


0 


20 








Table 


18: 




(s=l,z=10): Net Coding Gain Mat 




rieff \7eff 


15 


20 


25 


30 


35 


40 


45 


50 




1 


0 


.0 


0 


.0 


0. 


0 


0 


,0 


0.0 


0 


.0 


0.0 


0 


.0 




6 


0 


. 0 


0 


. 0 


0 . 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


25 


11 


0 


.0 


0 


.0 


0 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 




16 


0 


. 0 


0 


.0 


0 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 




21 


0 


. 0 


0 


.0 


0 


0 


0 


. 0 


0.0 


0 


.0 


0 . 0 


0 


. 0 




26 


0 


.0 


0 


.0 


0 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 




31 


0 


.0 


0 


. 0 


0 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


. 0 


30 


36 


0 


.0 


0 


.0 


0 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 




41 


0 


.0 


0 


. 0 


0 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 




46 


0 


.0 


0 


. 0 


0 


0 


0 


.0 


0.0 


0 


. 0 


0.0 


0 


.0 




51 


0 


.0 


0 


, 1 


0 


.2 


0 


. 1 


0.1 


0 


,1 


0.0 


0 


.0 




56 


0 


.2 


0 


.5 


0 


.5 


0 


.5 


0.5 


0 


.4 


0.4 


0 


.3 



61 
66 
71 
76 

5 81 
86 
91 
96 
101 

10 106 
111 
116 
121 
126 

15 131 
136 
141 
146 
151 

20 156 
161 
166 
171 
176 

25 181 
186 
191 
196 
201 

30 206 
211 
216 
221 
226 



0 . 


4 


0 


7 


0 . 


7 


1 


0 


0 . 


9 


1 


2 


1. 


0 


1 


4 


1. 


2 


1 


5 


1. 


3 


1 


6 


1 . 


4 


1 


7 


1. 


5 


1 


9 


1. 


6 


1 


.9 


1. 


7 


2 


. 0 


1. 


8 


2 


.1 


1. 


8 


2 


.2 


1, 


9 


2 


.2 


1, 


0 


2 


.3 


2 


0 


2 


.3 


2 


1 


2 


.4 


2 


1 


2 


,4 


2 


1 


2 


.5 


2 


2 


2 


.5 


2 


2 


2 


.5 


2 


2 


2 


.5 


2 


.3 


2 


,6 


2 


.3 


2 


.6 


2 


.3 


2 


. 6 


2 


.3 


2 


.6 


2 


.4 


2 


.7 


2 


.4 


2 


.7 


2 


.4 


2 


.7 


2 


.4 


2 


.7 


2 


.4 


2 


.7 


2 


,5 


2 


. 7 


2 


.5 


2 


.8 


2 


.5 


2 


.8 


2 


.5 


2 


.8 



0 . 


8 


0 . 


8 


1 . 


0 


1 . 


0 


1 . 


2 


1 . 


2 


1 . 


4 


1 , 


4 


1 . 


6 


1 , 


5 


1 . 


7 


1 


7 


1. 


8 


1 


8 


1 . 


9 


1 


9 


2 . 


0 


2 


0 


2 . 


1 


2 


1 


2 . 


2 


2 


1 


2 , 


2 


2 


2 


2 , 


3 


2 


3 


2 , 


3 


2 


.3 


2 . 


4 


2 


.4 


2 . 


4 


2 


.4 


2 . 


5 


2 


.5 


2 . 


5 


2 


.5 


2 . 


5 


2 


.5 


2 , 


6 


2 


.6 


2 


6 


2 


.6 


2 


6 


2 


,6 


2 


7 


2 


.6 


2 


7 


2 


.7 


2 


7 


2 


.7 


2 


7 


2 


. 7 


2 


7 


2 


.7 


2 


.8 


2 


.7 


2 


.8 


2 


.8 


2 


.8 


2 


.8 


2 


.8 


2 


.8 


2 


.8 


2 


.8 


2 


.8 


2 


.8 


2 


.8 


2 


.8 



-100- 



0 . 


7 


0 . 


7 


1 . 


0 


0 . 


9 


1 . 


2 


1 . 


1 


1 . 


4 


1 . 


3 


1 . 


5 


1 . 


5 


1 . 


6 


1 . 


6 


1 . 


8 


1 . 


7 


1. 


9 


1. 


8 


2 . 


0 


1. 


9 


2 . 


0 


2 . 


0 


2 . 


1 


2 . 


1 


2, 


2 


2. 


1 


2 . 


2 


2. 


2 


2 . 


3 


2 . 


2 


2 . 


3 


2, 


3 


2 . 


4 


2 


3 


2 . 


4 


2 


4 


2 . 


5 


2 


4 


2 , 


5 


2 


5 


2 , 


5 


2 


5 


2 


6 


2 


5 


2 


6 


2 


.5 


2 


6 


2 


, 6 


2 


.6 


2 


. 6 


2 


.6 


2 


.5 


2 


.7 


1 


.6 


2 


.7 


0 


.8 


2 


.7 


0 


.0 


2 


.7 


0 


. 0 


2 


.7 


0 


. 0 


2 


.7 


0 


. 0 


2 


.2 


0 


.0 


1 


.6 


0 


.0 


1 


.0 


0 


.0 



0 


7 


0 . 


6 


0 


9 


0 . 


9 


1 


1 


1 . 


1 


1 


3 


1 . 


3 


1 


4 


1 . 


4 


1 


6 


1 . 


5 


1 


. 7 


1 . 


7 


1 


.8 


1. 


8 


1 


. 9 


1 . 


8 


2 


. 0 


1 . 


9 


2 


.0 


2. 


0 


2 


.1 


2 . 


1 


2 


.2 


2 , 


1 


2 


.2 


2 


2 


2 


.3 


2 


2 


2 


.3 


2 


3 


2 


.3 


1 


7 


2 


.4 


0 


3 


2 


.4 


0 


0 


2 


.4 


0 


. 0 


1 


, 5 


0 


.0 


0 


.4 


0 


. 0 


0 


. 0 


0 


. 0 


0 


. 0 


0 


. 0 


0 


. 0 


0 


. 0 


0 


. 0 


0 


* 0 


0 


. 0 


0 


.0 


0 


.0 


0 


.0 


0 


.0 


0 


.0 


0 


.0 


0 


.0 


0 


.0 


0 


. 0 


0 


.0 


0 


.0 


0 


.0 


0 


.0 


0 


.0 


0 


.0 



35 
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Table 19: (s=l ,z=12): Net Coding Gain Matrix (dB) 



10 



15 



20 



25 



30 



nefAYeff 


15 


20 


25 


30 


35 


40 




45 


50 


1 


0 


0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0.0 


6 


0 


0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0.0 


11 


0 


0 


0.0 


0. 


0 


0 . 


0 


0,0 


0. 


0 


0.0 


0.0 


16 


0 


0 


0.0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0.0 


21 


0 


0 


0.0 


0. 


0 


0, 


0 


0.0 


0. 


0 


0.0 


0.0 


26 


0 


0 


0.0 


0, 


0 


0, 


0 


0.0 


0, 


0 


0.0 


0 . 0 


31 


0 


, 0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0 . 0 


0 . 0 


36 


0 


.0 


0.0 


0. 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 


41 


0 


.0 


0.0 


0. 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0.0 


46 


0 


.0 


0.0 


0. 


0 


0. 


0 


0.0 


0, 


0 


0.0 


0.0 


51 


0 


.0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0 . 0 


56 


0 


.0 


0.0 


0 . 


0 


0. 


0 


0,0 


0. 


0 


0.0 


0.0 


61 


0 


.0 


0.3 


0 . 


4 


0. 


4 


0,3 


0. 


3 


0.2 


0,2 


66 


0 


.3 


0.6 


0 . 


7 


0 . 


6 


0.6 


0 . 


6 


0.5 


0 , 5 


71 


0 


. 5 


0 . 9 


0 . 


9 


0 . 


9 


0.8 


0. 


8 


0.8 


0.7 


76 


0 


,7 


1.1 


1. 


1 


1. 


1 


1,1 


1. 


0 


1.0 


0.9 


81 


0 


.9 


1.3 


1. 


3 


1 . 


3 


1.2 


1. 


2 


1.2 


1.1 


86 


1 


.1 


1.4 


1, 


5 


1 . 


4 


1.4 


1. 


4 


1.3 


1.3 


91 


1 


.2 


1.6 


1. 


6 


1. 


6 


1.5 


1. 


5 


1,5 


1.4 


96 


1 


.4 


1.7 


1 . 


7 


1 . 


7 


1.7 


1. 


6 


1.6 


1.6 


101 


1 


.5 


1.8 


1 . 


9 


1 . 


8 


1.8 


1. 


7 


1.7 


1.7 


106 


1 


.6 


1.9 


2 . 


0 


1. 


9 


1,9 


1. 


8 


1.8 


1.8 


111 


1 


.7 


2.0 


2 . 


0 


2 . 


0 


2,0 


1. 


9 


1.9 


1.9 


116 


1 


. 7 


2.1 


2 . 


1 


2 , 


1 


2.1 


2 . 


0 


2.0 


1.9 


121 


1 


.8 


2.1 


2 . 


2 


2 


2 


2.1 


2 . 


1 


2.1 


2.0 


126 


1 


.9 


2.2 


2 . 


3 


2 


2 


2.2 


2 . 


2 


2.1 


2.1 


131 


1 


.9 


2.3 


2 , 


3 


2 


3 


2.3 


2, 


2 


2.2 


2 . 1 


136 


2 


.0 


2,3 


2 


4 


2 


4 


2.3 


2 


3 


2.2 


2.2 


141 


2 


. 1 


2.4 


2 


4 


2 


4 


2.4 


2 


3 


2.3 


1.4 


146 


2 


.1 


2.4 


2 


5 


2 


5 


2.4 


2 


4 


2.3 


0.0 


151 


2 


.1 


2.5 


2 


5 


2 


5 


2.5 


2 


4 


2,4 


0.0 
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156 


2 


2 


2 


. 5 


2 . 


6 


2 


5 




. b 


o 

Z , 


i> 


o 


. 4 




u 


161 


2 


2 


2 


. 5 


2 . 


6 


2 


6 


Z 


r- 
. D 


<-> 


rr 
D 


J_ 


. z 


A 

u . 


u 


166 


2 


3 


2 


. 6 


2 . 


6 


2 


6 


2 


, 6 


2 


5 


0 


. 1 


0 . 


0 


171 


2 


3 


2 


. 6 


2 . 


7 


2 


6 


2 


. 6 


2 


6 


n 
U 


. u 


A 


A 

u 


176 


2 


3 


2 


. 6 


2 , 


7 


2 


7 


2 


. 6 


2 


6 


0 


. 0 


A 


A 

u 


181 


2 


4 


2 


. 7 


2 . 


7 


2 


7 


2 


. 7 


2 


2 


0 


. 0 


0 . 


0 


186 


2 


4 


2 


. 7 


2 . 


7 


2 


7 


2 


. 7 


1 


3 


0 


. 0 


0 . 


0 


191 


2 


4 


2 


.7 


2 . 


8 


2 


.7 


2 


.7 


0 


5 


0 


.0 


0. 


0 


196 


2 


4 


2 


.7 


2 . 


8 


2 


.8 


2 


.7 


0 


0 


0 


.0 


0 . 


0 


201 


2 


4 


2 


.8 


2 . 


8 


2 


.8 


2 


.7 


0 


0 


0 


.0 


0 . 


0 


206 


2 


.5 


2 


.8 


2. 


8 


2 


.8 


2 


.8 


0 


.0 


0 


.0 


0 . 


0 


211 


2 


. 5 


2 


.8 


2 . 


9 


2 


.8 


2 


.6 


0 


.0 


0 


.0 


0. 


0 


216 


2 


. 5 


2 


.8 


2 . 


9 


2 


.8 


2 


.0 


0 


.0 


0 


.0 


0. 


0 


221 


2 


.5 


2 


.8 


2 . 


9 


2 


.9 


1 


.4 


0 


.0 


0 


.0 


0 . 


0 


226 


2 


.5 


2 


.8 


2. 


9 


2 


.9 


0 


.8 


0 


.0 


0 


.0 


0. 


0 



Table 20: (s=l ,z= 14): Net Coding Gain Matrix (dB) 



neff\7eff 


15 


20 


25 




30 




35 


40 


45 


50 


1 


0 


. 0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0 . 0 


6 


0 


.0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0, 


0 


0.0 


0 . 0 


11 


0 


. 0 


0,0 


0 . 


0 


0, 


0 


0.0 


0. 


0 


0.0 


0 . 0 


16 


0 


. 0 


0.0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0 . 0 


21 


0 


.0 


0.0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0,0 


0 . 0 


26 


0 


.0 


0.0 


0. 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0,0 


31 


0 


.0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 


36 


0 


.0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0.0 


41 


0 


. 0 


0.0 


0 . 


0 


0 . 


0 


0,0 


0 . 


0 


0.0 


0.0 


46 


0 


.0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0, 


0 


0.0 


0.0 


51 


0 


. 0 


0,0 


0. 


0 


0. 


0 


0,0 


0. 


0 


0.0 


0.0 


56 


0 


. 0 


0 . 0 


0. 


0 


0. 


0 


0.0 


0 . 


0 


0.0 


0.0 


61 


0 


.0 


0.0 


0. 


0 


0 . 


0 


0.0 


0. 


0 


0,0 


0.0 


66 


0 


.0 


0.2 


0. 


3 


0. 


2 


0.2 


0 . 


1 


0,1 


0.0 


71 


0 


,2 


0.5 


0. 


5 


0. 


5 


0.5 


0. 


4 


0,4 


0.3 


76 


0 


.4 


0.7 


0. 


8 


0 . 


8 


0.7 


0 . 


7 


0.6 


0.6 



-103- 





81 


0 . 


6 


1 . 0 


1 . 0 




86 


0 . 


8 


1 . 1 


1 . 2 




91 


1 . 


0 


1.3 


1 .4 




96 


1 . 


1 


1 . 5 


1 . 5 


5 


101 


1 . 


3 


1.6 


1 . 6 




106 


1. 


4 


1.7 


1.8 




111 


1. 


5 


1.8 


1.9 




116 


1. 


6 


1.9 


2 . 0 




121 


1. 


7 


2 . 0 


2.1 


10 


126 


1, 


8 


2 . 1 


2 . 1 




131 


1 


8 


2.2 


2.2 




136 


1 


9 


2.2 


2.3 




141 


2 


0 


2.3 


2.3 




146 


2 


0 


2.3 


2.4 


15 


151 


2 


1 


2.4 


2 .4 




156 


2 


1 


2.4 


2.5 




161 


2 


.2 


2.5 


2 . 5 




166 


2 


.2 


2.5 


2.6 




171 


2 


.2 


2.6 


2.6 


20 


176 


2 


.3 


2 .6 


2 . 7 




181 


2 


.3 


2.6 


2.7 




186 


2 


.4 


2.7 


2 .7 




191 


2 


.4 


2 . 7 


2.8 




196 


2 


.4 


2.7 


2 . 8 


25 


201 


2 


.4 


2 . 7 


2 . 8 




206 


2 


.5 


2.8 


2.8 




211 


2 


.5 


2.8 


2.9 




216 


2 


.5 


2.8 


2.9 




221 


2 


.5 


2,8 


2 .9 


30 


226 


2 


.5 


2.9 


2.9 



1 . 


0 


0 . 9 


U . 


y 


U , o 


u , 


Q 

o 


1 . 


2 


1 . 1 


1 . 


1 


1 . 0 


1 . 


(J 


1 . 


3 


1 . 3 


1 . 


2 


1 . 2 


1 . 


2 


1 . 


5 


1 . 4 


1 . 


4 


1 . 4 


1 . 


3 


1 . 


6 


1 . 6 


1 . 


5 


1 . 5 


1 . 


5 


1 . 


7 


1 . 7 


1 . 


6 


1 . 6 


1 . 


6 


1 , 


8 


1 . 8 


1 . 


8 


1 . 7 


1 . 


7 


1 


9 


1 . 9 


1 , 


9 


1 . 8 


1 . 


8 


2 


0 


2 . 0 


1 . 


9 


1 . 9 


1 . 


9 


2 


1 


2.1 


2 


0 


2 . 0 


1 . 


9 


2 


2 


2.1 


2 


1 


2 . 1 


2 . 


0 


2 


3 


2.2 


2 


2 


2 . 1 


2 , 


1 


2 


3 


2.3 


2 


2 


2.2 


1 , 


0 


2 


.4 


2.3 


2 


3 


2.2 


0 


0 


2 


.4 


2.4 


2 


3 


2 . 3 


0 


0 


2 


.5 


2.4 


2 


4 


2 . 1 


0 


0 


2 


.5 


2.5 


2 


.4 


0 . 9 


0 


0 


2 


.6 


2.5 


2 


.5 


0.0 


0 


0 


2 


.6 


2 .6 


2 


. 5 


0 . 0 


0 


. 0 


2 


. 6 


2 .6 


2 


. 5 


0 . 0 


0 


. 0 


2 


.7 


2 . 6 


1 


. 9 


0 . 0 


0 


. 0 


2 


. 7 


2 .7 


1 


. 1 


0 . 0 


0 


. 0 


2 


.7 


2.7 


0 


.3 


0.0 


0 


. 0 


2 


.8 


2.7 


0 


.0 


0 . 0 


0 


. 0 


2 


.8 


2.7 


0 


.0 


0.0 


0 


. 0 


2 


.8 


2.8 


0 


.0 


0.0 


0 


.0 


2 


.8 


2 .4 


0 


.0 


0.0 


0 


.0 


2 


.8 


1.8 


0 


.0 


0.0 


0 


.0 


2 


. 9 


1.2 


0 


.0 


0 . 0 


0 


.0 


2 


.9 


0.6 


0 


.0 


0.0 


0 


.0 
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Table 21: (s= 1 ,z= 1 6): Net Coding Gain Matrix (dB) 



10 



15 



20 



25 



30 



nefAYeff 


15 


20 


25 


30 


35 


40 




45 


50 


1 


0 , 


0 


0.0 


0 . 


0 


0.0 


0.0 


0 . 


0 


0.0 


0.0 


6 


0. 


0 


0.0 


0 . 


0 


0.0 


0.0 


0 . 


0 


0.0 


0.0 


11 


0, 


0 


0.0 


0 . 


0 


0.0 


0.0 


0 . 


0 


0.0 


0.0 


16 


0 


0 


0.0 


0 . 


0 


0.0 


0.0 


0 . 


0 


0.0 


0.0 


21 


0 


0 


0.0 


0. 


0 


0.0 


0.0 


0. 


0 


0.0 


0.0 


26 


0 


0 


0.0 


0 . 


0 


0,0 


0.0 


0. 


0 


0.0 


0.0 


31 


0 


0 


0 . 0 


0 . 


0 


0.0 


0.0 


0. 


0 


0.0 


0.0 


36 


0 


0 


0.0 


0. 


0 


0.0 


0.0 


0. 


0 


0.0 


0.0 


41 


0 


0 


0.0 


0. 


0 


0.0 


0.0 


0 . 


0 


0.0 


0.0 


46 


0 


0 


0.0 


0 . 


0 


0.0 


0.0 


0. 


0 


0.0 


0.0 


51 


0 


0 


0.0 


0 . 


0 


0.0 


0.0 


0 . 


0 


0 . 0 


0.0 


56 


0 


.0 


0.0 


0 . 


0 


0.0 


0.0 


0. 


0 


0.0 


0.0 


61 


0 


. 0 


0 . 0 


0 . 


0 


0.0 


0.0 


0 . 


0 


0.0 


0 . 0 


66 


0 


.0 


0.0 


0, 


0 


0.0 


0.0 


0. 


0 


0.0 


0 . 0 


71 


0 


.0 


0.1 


0 . 


1 


0.1 


0.0 


0 . 


0 


0.0 


0.0 


76 


0 


.1 


0.4 


0, 


4 


0.4 


0.3 


0. 


3 


0.2 


0.2 


81 


0 


.3 


0.6 


0 . 


7 


0.6 


0.6 


0 . 


5 


0.5 


0.5 


86 


0 


. 5 


0.8 


0 . 


9 


0.9 


0.8 


0 . 


8 


0.7 


0.7 


91 


0 


.7 


1.0 


1 


1 


1.1 


1.0 


1. 


0 


0.9 


0.9 


96 


0 


.9 


1.2 


1 


3 


1.2 


1.2 


1. 


1 


1.1 


1 . 0 


101 


1 


.0 


1.4 


1 


4 


1.4 


1.3 


1, 


3 


1.2 


1.2 


106 


1 


.2 


1.5 


1 


6 


1.5 


1.5 


1, 


4 


1.4 


1.3 


111 


1 


.3 


1.6 


1 


7 


1.6 


1.6 


1 


5 


1.5 


1.5 


116 


1 


.4 


1.7 


1 


8 


1.8 


1.7 


1 


7 


1.6 


1.6 


121 


1 


.5 


1.8 


1 


9 


1.9 


1.8 


1 


8 


1.7 


1.7 


126 


1 


.6 


1.9 


2 


0 


2.0 


1.9 


1 


9 


1.8 


1.8 


131 


1 


. 7 


2 . 0 


2 


.1 


2.0 


2.0 


1 


9 


1.9 


1.9 


136 


1 


.8 


2.1 


2 


.1 


2.1 


2.1 


2 


0 


2.0 


1.9 


141 


1 


.8 


2.2 


2 


.2 


2.2 


2.1 


2 


.1 


2.1 


0.7 


146 


1 


.9 


2.2 


2 


.3 


2.3 


2.2 


2 


.2 


2.1 


0.0 


151 


2 


.0 


2.3 


2 


.3 


2.3 


2.3 


2 


.2 


2.2 


0.0 
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156 


2 . 


0 


2 


-5 
. J 


Z . 




z 




Z . J 


Z 




1 

i. 


. o 


A 

u . 


A 
VJ 


161 


2 . 


1 


2 


. 4 


<-> 


o 


Z 




Z , ^ 


z 




n 
\j 


a 

. D 




0 

\J 


166 


2 , 


1 


2 


. 4 


2 . 


5 


2 


5 


Z . 4 






u 


A 

. u 


A 

U . 


A 

u 


171 


2 


2 


2 


. 5 


Z . 


i- 

D 


Z 


rr 
D 


Z . 3 


Z 


A 


r\ 




A 

\J * 


A 

u 


176 


2 


2 


2 


. 5 


2 . 


6 


2 


6 


2 . D 


Z 


C 
O 


U 


. u 


A 

U . 


A 

u 


181 


2 


3 


2 


. 6 


2 . 


6 


2 


f 
. O 


Z . O 


1 


•7 


n 
U 


. u 


A 

U . 


A 

u 


186 


2 


3 


2 


. 6 


2 . 


7 


2 


. 6 


z . o 


U 


o 
o 


U 


n 
. U 


A 

u . 


A 

u 


191 


2 


3 


2 


.6 


2 . 


7 


2 


.7 


2,6 


0 


0 


0 


.0 


0 , 


0 


196 


2 


4 


2 


.7 


2 . 


7 


2 


.7 


2.7 


0 


.0 


0 


.0 


0 . 


0 


201 


2 


4 


2 


.7 


2 . 


8 


2 


.7 


2.7 


0 


.0 


0 


. 0 


0 . 


0 


206 


2 


.4 


2 


.7 


2, 


8 


2 


.8 


2.7 


0 


.0 


0 


.0 


0. 


0 


211 


2 


.5 


2 


.8 


2 . 


8 


2 


.8 


2.2 


0 


.0 


0 


,0 


0, 


0 


216 


2 


. 5 


2 


. 8 


2 , 


8 


2 


.8 


1.5 


0 


. 0 


0 


.0 


0 


0 


221 


2 


.5 


2 


.8 


2 . 


9 


2 


.8 


0.9 


0 


. 0 


0 


.0 


0 


0 


226 


2 


.5 


2 


. 8 


2 


9 


2 


.9 


0.4 


0 


.0 


0 


.0 


0 


0 



Table 22: (s=2,z=l): Net Coding Gain Matrix (dB) 





15 


20 




25 




30 




35 


40 




45 


50 


1 


0 


.0 


0. 


0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0.0 


6 


0 


.0 


0. 


0 


0 . 


0 


0, 


0 


0.0 


0. 


0 


0.0 


0.0 


11 


0 


.0 


0 . 


0 


0 . 


1 


0. 


1 


0.1 


0. 


0 


0.0 


0.0 


16 


0 


.3 


0. 


5 


0 . 


6 


0 . 


6 


0.6 


0. 


6 


0.6 


0.6 


21 


0 


.6 


0 . 


8 


0 . 


9 


0 . 


9 


0.9 


0 . 


9 


0.9 


0.9 


26 


0 


.8 


1. 


0 


1. 


1 


1 . 


1 


1.1 


1. 


1 


1.1 


1.0 


31 


0 


.9 


1 . 


1 


1. 


2 


1. 


2 


1.2 


1 . 


2 


1,2 


1.2 


36 


1 


.0 


1. 


2 


1. 


3 


1. 


3 


1.3 


1. 


3 


1.2 


1,2 


41 


1 


.0 


1. 


2 


1. 


3 


1. 


3 


1.3 


1. 


3 


1.3 


1.3 


46 


1 


.1 


1. 


3 


1 . 


4 


1. 


4 


1.4 


1. 


3 


1.3 


1.3 


51 


1 


.1 


1. 


3 


1. 


4 


1. 


4 


1.4 


1. 


4 


1.4 


1.4 


56 


1 


.2 


1 . 


4 


1 . 


4 


1 . 


4 


1.4 


1 . 


4 


1.4 


1.4 


61 


1 


.2 


1 . 


4 


1. 


4 


1. 


4 


1.4 


1. 


4 


1.4 


1.4 


66 


1 


.2 


1 . 


4 


1. 


4 


1. 


5 


1.4 


1 . 


4 


1.4 


1.4 


71 


1 


.2 


1 . 


4 


1 . 


5 


1 . 


5 


1.5 


1 . 


4 


1,4 


1.4 
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76 


1 , 


2 


1 . 4 


1 . 


5 


1 . 


5 


1 . O 


1 . 


4 


1 A 

1 . 4 


u . 


u 




81 


1 . 


2 


1 . 4 


1 . 


5 


1 . 


5 


1 . b 


-1 

X . 


r- 

b 


L , 4 


u . 


u 




86 


1 . 


2 


1 . 4 


1 . 


5 


1 . 


5 


1 . 5 


1 . 


5 


U . J 


u . 


A 

u 




91 


1 . 


2 


1.4 


1 . 


5 


1 . 


5 


1 . 5 


1 . 


5 


0 . 0 


u . 


A 

u 


5 


96 


1 . 


3 


1 . 4 


1 . 


5 


1 . 


5 


1 . 5 


1 . 


5 


u . u 


u . 


u 




101 


1 . 


3 


1 . 4 


1 . 


5 


1 . 


5 


1 . 5 


0 . 


0 


0 . 0 


0 . 


0 




106 


1. 


3 


1 .4 


1 . 


5 


1 . 


5 


1 . 5 


0 . 


0 


0 . 0 


0 . 


0 




111 


1. 


3 


1.4 


1 . 


5 


1 . 


5 


1 . 5 


0 . 


0 


0 . 0 


0 . 


0 




116 


1. 


3 


1 . 5 


1 . 


5 


1 , 


5 


1 . 1 


0 . 


0 


0 . 0 


0 . 


0 


10 


121 


1, 


3 


1.5 


1 . 


5 


1 . 


5 


0 . 1 


0 


0 


0 . 0 


0 . 


0 




126 


1, 


3 


1.5 


1 . 


5 


1, 


5 


0 . 0 


0 


0 


0 . 0 


0 . 


0 




131 


1 


3 


1.5 


1 , 


5 


1 


5 


0.0 


0 


0 


0 . 0 


0 . 


0 




136 


1 


3 


1.5 


1 . 


5 


1 


5 


0 . 0 


0 


0 


0 . 0 


0 . 


0 




141 


1 


3 


1.5 


1 . 


5 


1 


5 


0 . 0 


0 


0 


0 . 0 


0 . 


0 


15 


146 


1 


3 


1.5 


1 , 


5 


0 


7 


0 . 0 


0 


0 


0 . 0 


0 


0 




151 


1 


3 


1.5 


1 


5 


0 


1 


0 . 0 


0 


0 


0 . 0 


0 


0 




156 


1 


3 


1 . 5 


1 


5 


0 


0 


0 . 0 


0 


. 0 


0 . 0 


0 


0 




161 


1 


.3 


1.5 


1 


5 


0 


0 


0 . 0 


0 


. 0 


0 . 0 


0 


0 




166 


1 


.3 


1 . 5 


1 


5 


0 


. 0 


0 . 0 


0 


. 0 


0 . 0 


0 


0 


20 


171 


1 


. 3 


1.4 


1 


5 


0 


. 0 


0 . 0 


0 


. 0 


0 . 0 


0 


0 




176 


1 


.3 


1.4 


1 


5 


0 


. 0 


0 . 0 


0 


. 0 


0 . 0 


0 


0 




181 


1 


.3 


1.4 


1 


. 5 


0 


. 0 


0 . 0 


0 


. 0 


0 . 0 


0 


. 0 




186 


1 


.3 


1.4 


1 


. 2 


0 


. 0 


0 . 0 


0 


. 0 


0 . 0 


0 


. 0 




191 


1 


.3 


1.4 


0 


.8 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


25 


196 


1 


.3 


1.4 


0 


.3 


0 


.0 


0.0 


0 


.0 


0 . 0 


0 


. 0 




201 


1 


.3 


1.4 


0 


.0 


0 


, 0 


0.0 


0 


.0 


0.0 


0 


.0 




206 


1 


.3 


1.4 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 




211 


1 


.3 


1.4 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 




216 


1 


.3 


1.4 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


30 


221 


1 


.3 


1.4 


0 


.0 


0 


.0 


0 . 0 


0 


.0 


0.0 


0 


.0 




226 


1 


.3 


1.4 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


. 0 
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Table 23: (s=2,z=2): Net Coding Gain Matrix (dB) 



10 



15 



20 



25 



30 



nefAYeff 


15 


20 


25 


30 


35 


40 




45 


50 


1 


0 


0 


0.0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0.0 


6 


0 


0 


0.0 


0 . 


0 


0. 


0 


0.0 


0 . 


0 


0.0 


0,0 


11 


0 


0 


0.0 


0 , 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0,0 


16 


0 


0 


0.2 


0. 


3 


0. 


3 


0.3 


0 . 


3 


0,2 


0,2 


21 


0 


5 


0.8 


0 . 


9 


0. 


9 


0.9 


0. 


9 


0,8 


0.8 


26 


0 


8 


1.1 


1. 


2 


1. 


2 


1,2 


1, 


2 


1.2 


1,2 


31 


1 


1 


1.4 


1 . 


5 


1 . 


5 


1.5 


1. 


4 


1.4 


1,4 


36 


1 


2 


1.5 


1 . 


6 


1 . 


6 


1.6 


1. 


6 


1.6 


1.6 


41 


1 


4 


1.7 


1 . 


7 


1. 


7 


1.7 


1. 


7 


1.7 


1 . 7 


46 


1 


.5 


1.7 


1 . 


8 


1 . 


8 


1.8 


1 . 


8 


1.8 


1.8 


51 


1 


.5 


1.8 


1 . 


9 


1. 


9 


1.9 


1. 


9 


1.8 


1.8 


56 


1 


.6 


1.9 


2 . 


0 


2 . 


0 


1.9 


1 . 


9 


1.9 


1.9 


61 


1 


.7 


1.9 


2 . 


0 


2. 


0 


2.0 


2. 


0 


1.9 


1.9 


66 


1 


.7 


2.0 


2. 


0 


2 . 


0 


2.0 


2 . 


0 


2.0 


1.9 


71 


1 


. 7 


2 . 0 


2 . 


1 


2 . 


1 


2.0 


2 . 


0 


2.0 


2 . 0 


76 


1 


.8 


2.0 


2 . 


1 


2 . 


1 


2.1 


2 . 


0 


2.0 


0.0 


81 


1 


. 8 


2 . 0 


2 . 


1 


2 , 


1 


2.1 


2 . 


0 


2.0 


0,0 


86 


1 


.8 


2.0 


2 . 


1 


2 


1 


2.1 


2. 


1 


0.0 


0.0 


91 


1 


.8 


2.1 


2 . 


1 


2 


1 


2.1 


2 . 


1 


0.0 


0.0 


96 


1 


.8 


2.1 


2 . 


1 


2 


1 


2.1 


1, 


4 


0.0 


0.0 


101 


1 


.8 


2.1 


2, 


1 


2 


1 


2.1 


0, 


0 


0.0 


0.0 


106 


1 


.8 


2 . 1 


2, 


2 


2 


1 


2.1 


0 


0 


0.0 


0.0 


111 


1 


.9 


2.1 


2 


2 


2 


2 


2.1 


0 


0 


0.0 


0.0 


116 


1 


.9 


2 . 1 


2 


2 


2 


2 


0.9 


0 


0 


0.0 


0.0 


121 


1 


.9 


2.1 


2 


2 


2 


2 


0.0 


0 


0 


0.0 


0.0 


126 


1 


.9 


2.1 


2 


2 


2 


.2 


0.0 


0 


0 


0.0 


0.0 


131 


1 


.9 


2.1 


2 


2 


2 


.2 


0.0 


0 


0 


0.0 


0.0 


136 


1 


.9 


2.1 


2 


2 


2 


.1 


0.0 


0 


.0 


0.0 


0.0 


141 


1 


.9 


2.1 


2 


2 


1 


.3 


0.0 


0 


.0 


0.0 


0.0 


146 


1 


.9 


2.1 


2 


.2 


0 


.6 


0.0 


0 


.0 


0.0 


0.0 


151 


1 


.9 


2.1 


2 


.2 


0 


. 0 


0.0 


0 


.0 


0.0 


0.0 
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156 


1. 


9 


2 


.1 


2 , 


2 


0 


0 


0 . 


0 


0 . 


0 


0 . 0 


0 . 


0 


161 


1. 


9 


2 


. 1 


2 , 


2 


0 


0 


0 , 


0 


0 . 


0 


0 . 0 


0 , 


0 


166 


1. 


9 


2 


. 1 


2 . 


2 


0 


0 


0 . 


0 


0 , 


0 


0 . 0 


0 . 


0 


171 


1, 


9 


2 


. 1 


2 


2 


0 


0 


0 . 


0 


0 . 


0 


0 . 0 


0 . 


0 


176 


1 


9 


2 


.1 


2 


0 


0 


0 


0 . 


0 


0 


0 


0 . 0 


0 . 


0 


181 


1 


9 


2 


. 1 


1 


5 


0 


0 


0 . 


0 


0 


0 


0 . 0 


0 . 


0 


186 


1 


9 


2 


. 1 


1 


1 


0 


0 


0 . 


0 


0 


0 


0.0 


0 . 


0 


191 


1 


9 


2 


. 1 


0 


6 


0 


0 


0 . 


0 


0 


0 


0.0 


0 . 


0 


196 


1 


9 


2 


.1 


0 


2 


0 


.0 


0 . 


0 


0 


0 


0.0 


0 . 


0 


201 


1 


9 


2 


.1 


0 


0 


0 


.0 


0. 


0 


0 


0 


0.0 


0, 


0 


206 


1 


9 


2 


.1 


0 


0 


0 


.0 


0. 


0 


0 


0 


0.0 


0, 


0 


211 


1 


9 


2 


. 1 


0 


.0 


0 


.0 


0. 


0 


0 


.0 


0.0 


0, 


0 


216 


1 


9 


2 


. 1 


0 


. 0 


0 


.0 


0. 


0 


0 


.0 


0.0 


0 


0 


221 


1 


. 9 


2 


. 1 


0 


. 0 


0 


.0 


0 . 


0 


0 


. 0 


0.0 


0 


0 


226 


1 


. 9 


2 


, 1 


0 


.0 


0 


.0 


0 . 


0 


0 


.0 


0.0 


0 


0 



Table 24: (s=2,z=3): Net Coding Gain Matrix (dB) 



nefATeff 


15 


20 




25 




30 




35 


40 




45 




50 


1 


0 


. 0 


0 . 


0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0, 


0 


0.0 


6 


0 


.0 


0. 


0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0. 


0 


0.0 


11 


0 


.0 


0 . 


0 


0. 


0 


0 . 


0 


0.0 


0 . 


0 


0 . 


0 


0.0 


16 


0 


.0 


0. 


0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0. 


0 


0.0 


21 


0 


.2 


0. 


5 


0 . 


5 


0 , 


5 


0.5 


0 . 


5 


0 . 


4 


0.4 


26 


0 


.7 


1. 


0 


1. 


0 


1. 


0 


1.0 


1. 


0 


1. 


0 


1.0 


31 


1 


.0 


1. 


3 


1. 


4 


1. 


4 


1.4 


1. 


4 


1. 


3 


1.3 


36 


1 


.2 


1. 


6 


1. 


6 


1. 


6 


1.6 


1, 


6 


1. 


6 


1.6 


41 


1 


.4 


1. 


7 


1. 


8 


1 . 


8 


1.8 


1. 


8 


1 . 


8 


1.7 


46 


1 


.6 


1. 


9 


2 . 


0 


2 . 


0 


1.9 


1 . 


9 


1. 


9 


1.9 


51 


1 


.7 


2 . 


0 


2. 


1 


2 . 


1 


2.0 


2 . 


0 


2 . 


0 


2.0 


56 


1 


.8 


2 . 


1 


2 . 


2 


2 . 


2 


2.1 


2 . 


1 


2. 


1 


2.1 


61 


1 


.9 


2 . 


2 


2 . 


2 


2 . 


2 


2.2 


2 . 


2 


2 . 


1 


2.1 


66 


1 


.9 


2. 


2 


2 . 


3 


2 , 


3 


2.3 


2 . 


2 


2. 


2 


2.2 


71 


2 


.0 


2 . 


3 


2 . 


3 


2 . 


3 


2.3 


2, 


3 


2 . 


2 


2.1 



-109- 





76 


2 . 


0 


2 . 3 


2 . 


4 


2 . 


4 


2 . 3 


2. . 




2. . J 


u . 


A 

u 




81 


2 . 


0 


2 . 3 


2 . 


4 


2 , 


4 


2 . 4 


2 . 


3 


1 . y 


n 

u . 


A 

u 




86 


2 . 


1 


2 .4 


2 . 


4 


2 . 


4 


2 . 4 


z . 


4 


u . u 


u . 


A 

u 




91 


2 . 


1 


2 .4 


2 . 


4 


2 , 


4 


2 . 4 


2 . 


4 


0 . 0 




u 


5 


96 


2 . 


1 


2.4 


2 . 


5 


2 . 


5 


2 . 4 


1 . 


1 


u . u 




A 

u 




101 


2 . 


1 


2.4 


2 . 


5 


2 . 


5 


2 . 4 


0 . 


0 


0 . 0 


0 . 


0 




106 


2 . 


2 


2.4 


2 . 


5 


2 . 


5 


2 . 5 


0 . 


0 


0 . 0 


0 . 


0 




111 


2 . 


2 


2.4 


2 . 


5 


2 . 


5 


1 . 9 


0 . 


0 


0 . 0 


0 . 


0 




116 


2 . 


2 


2.5 


2 . 


5 


2 . 


5 


0 .7 


0 . 


0 


0 . 0 


0 . 


0 


10 


121 


2 . 


2 


2.5 


2 . 


5 


2 . 


5 


0 . 0 


0 . 


0 


0 . 0 


0 , 


0 




126 


2 , 


2 


2.5 


2 . 


5 


2 , 


5 


0.0 


0 , 


0 


0 . 0 


0 , 


0 




131 


2 


2 


2.5 


2 . 


5 


2 , 


5 


0 . 0 


0 


0 


0 . 0 


0 . 


0 




136 


2 


2 


2.5 


2 . 


5 


1 


9 


0 . 0 


0 


0 


0 . 0 


0 , 


0 




141 


2 


2 


2.5 


2, 


5 


1 


1 


0 .0 


0 


0 


0 . 0 


0 . 


0 


15 


146 


2 


2 


2.5 


2 


6 


0 


4 


0 . 0 


0 


0 


0 . 0 


0 


0 




151 


2 


2 


2.5 


2 


6 


0 


0 


0 . 0 


0 


0 


0 . 0 


0 


0 




156 


2 


2 


2.5 


2 


6 


0 


0 


0 . 0 


0 


0 


0 . 0 


0 


0 




161 


2 


.2 


2.5 


2 


6 


0 


. 0 


0 . 0 


0 


. 0 


0 . 0 


0 


0 




166 


2 


.2 


2.5 


2 


6 


0 


. 0 


0 .0 


0 


. 0 


0 . 0 


0 


0 


20 


171 


2 


.3 


2.5 


2 


. 3 


0 


. 0 


0 . 0 


0 


. 0 


0 . 0 


0 


0 




176 


2 


.3 


2.5 


1 


.8 


0 


. 0 


0 . 0 


0 


. 0 


0 . 0 


0 


0 




181 


2 


.3 


2 . 5 


1 


.4 


0 


. 0 


0 . 0 


0 


. 0 


0 . 0 


0 


. 0 




186 


2 


.3 


2 .5 


0 


. 9 


0 


. 0 


0 . 0 


0 


. 0 


0 . 0 


0 


, 0 




191 


2 


.3 


2.5 


0 


.5 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


25 


196 


2 


.3 


2.5 


0 


.1 


0 


. 0 


0.0 


0 


.0 


0.0 


0 


.0 




201 


2 


.3 


2.5 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


. 0 




206 


2 


.3 


2.5 


0 


. 0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


. 0 




211 


2 


.3 


2.5 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 




216 


2 


.3 


2.5 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


30 


221 


2 


.3 


2.5 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 




226 


2 


.3 


2.5 


0 


. 0 


0 


. 0 


0.0 


0 


.0 


0.0 


0 


. 0 
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Table 25: (s=2,z=4): Net Coding Gain Matrix (dB) 



10 



15 



20 



25 



30 



-Heff \}eff 


15 


20 




25 




30 




35 


40 




45 


50 




1 


0, 


0 


0. 


0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0. 


0 


6 


0 . 


0 


0 . 


0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0 . 


0 


11 


0 . 


0 


0. 


0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0. 


0 


16 


0. 


0 


0 . 


0 


0 . 


0 


0. 


0 


0.0 


0 . 


0 


0.0 


0 . 


0 


21 


0. 


0 


0. 


0 


0. 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0 . 


0 


26 


0. 


3 


0. 


6 


0 . 


7 


0 . 


7 


0.7 


0. 


6 


0.6 


0. 


6 


31 


0 , 


8 


1. 


1 


1. 


2 


1. 


2 


1.1 


1. 


1 


1,1 


1. 


0 


36 


1, 


1 


1. 


4 


1 . 


5 


1 . 


5 


1.5 


1. 


4 


1.4 


1 . 


4 


41 


1 


3 


1. 


7 


1 . 


7 


1. 


7 


1.7 


1. 


7 


1.7 


1 . 


6 


46 


1 


5 


1 . 


9 


1, 


9 


1 . 


9 


1.9 


1. 


9 


1.8 


1 . 


8 


51 


1 


7 


2 . 


0 


2 . 


1 


2 . 


1 


2.0 


2, 


0 


2.0 


2 . 


0 


56 


1 


8 


2 . 


1 


2 . 


2 


2 . 


2 


2.2 


2 . 


1 


2 . 1 


2 . 


1 


61 


1 


9 


2 , 


2 


2 . 


3 


2 , 


3 


2.3 


2. 


2 


2.2 


2 , 


2 


66 


2 


.0 


2, 


3 


2 . 


4 


2 , 


4 


2.3 


2. 


3 


2.3 


2 . 


3 


71 


2 


. 1 


2. 


4 


2 , 


4 


2 


4 


2 .4 


2 


4 


2.3 


1 


7 


76 


2 


.1 


2 


4 


2 


5 


2 


5 


2.5 


2 


4 


2.4 


0 


0 


81 


2 


.2 


2 


5 


2 


5 


2 


5 


2,5 


2 


5 


1.6 


0 


0 


86 


2 


.2 


2 


5 


2 


6 


2 


6 


2.5 


2 


5 


0.0 


0 


0 


91 


2 


.2 


2 


5 


2 


6 


2 


6 


2.6 


2 


.5 


0.0 


0 


0 


96 


2 


.3 


2 


.6 


2 


6 


2 


.6 


2.6 


0 


.9 


0.0 


0 


0 


101 


2 


.3 


2 


.6 


2 


.7 


2 


. 7 


2.6 


0 


.0 


0.0 


0 


.0 


106 


2 


.3 


2 


.6 


2 


. 7 


2 


. 7 


2.6 


0 


.0 


0.0 


0 


.0 


111 


2 


.4 


2 


.6 


2 


. 7 


2 


.7 


1.7 


0 


.0 


0.0 


0 


.0 


116 


2 


.4 


2 


.7 


2 


.7 


2 


.7 


0.5 


0 


.0 


0,0 


0 


. 0 


121 


2 


,4 


2 


.7 


2 


.7 


2 


.7 


0.0 


0 


.0 


0.0 


0 


.0 


126 


2 


.4 


2 


.7 


2 


.8 


2 


.7 


0.0 


0 


.0 


0.0 


0 


.0 


131 


2 


.4 


2 


.7 


2 


.8 


2 


.6 


0 . 0 


0 


.0 


0.0 


0 


.0 


136 


2 


.4 


2 


. 7 


2 


.8 


1 


. 7 


0.0 


0 


.0 


0.0 


0 


.0 


141 


2 


.4 


2 


.7 


2 


.8 


1 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


146 


2 


.4 


2 


.7 


2 


.8 


0 


.2 


0.0 


0 


.0 


0,0 


0 


.0 


151 


2 


.5 


2 


.7 


2 


.8 


0 


,0 


0.0 


0 


.0 


0.0 


0 


.0 
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156 


2 . 


5 


2 


. 7 


o o 
A . o 


U 


u 


u , u 


u . 


u 


u 


A 


n 0 


161 


2 . 


5 


2 


, 7 


2 . 8 


0 


0 


u . u 


u . 


A 


u 


A 


n A 


166 


2 , 


5 


2 


. 7 


2 . 7 


0 


0 


0 . 0 


(J , 


(J 


A 

U 


. u 


A A 


171 


2 , 


5 


2 


. 8 


2 . 2 


0 


0 


0 . 0 


u , 


u 


A 

U 


A 

. U 


A A 
U . (J 


176 


2 


5 


2 


. 8 


1 . 7 


0 


0 


0 . 0 


pi 

u 


u 


A 
U 


A 
. U 


A A 
U . U 


181 


2 


5 


2 


, 8 


1 . 2 


0 


0 


0 . 0 


0 


0 


Pi 


A 


A A 


186 


2 


5 


2 


. 8 


0 . 8 


0 


. 0 


0 . 0 


0 


0 


Pi 
U 


A 


A A 

(J . u 


191 


2 


5 


2 


.8 


0.4 


0 


.0 


0.0 


0 


0 


0 


.0 


0.0 


196 


2 


5 


2 


.8 


0.0 


0 


.0 


0.0 


0 


0 


0 


.0 


0.0 


201 


2 


5 


2 


. 8 


0.0 


0 


.0 


0.0 


0 


0 


0 


.0 


0 . 0 


206 


2 


5 


2 


.8 


0.0 


0 


.0 


0.0 


0 


.0 


0 


,0 


0.0 


211 


2 


. 5 


2 


.8 


0 . 0 


0 


.0 


0.0 


0 


.0 


0 


.0 


0.0 


216 


2 


.5 


2 


.8 


0.0 


0 


.0 


0.0 


0 


.0 


0 


.0 


0.0 


221 


2 


.5 


2 


.8 


0.0 


0 


.0 


0.0 


0 


.0 


0 


.0 


0.0 


226 


2 


.5 


2 


.7 


0.0 


0 


.0 


0.0 


0 


.0 


0 


.0 


0 . 0 



Table 26: (s=2,z=5): Net Coding Gain Matrix (dB) 



nefAYeff 


15 


20 


25 




30 




35 


40 




45 


50 


1 


0 


.0 


0 . 0 


0, 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0 . 0 


6 


0 


.0 


0.0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0.0 


11 


0 


.0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 


16 


0 


. 0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 


21 


0 


. 0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 


26 


0 


. 0 


0.2 


0 . 


2 


0, 


2 


0.2 


0. 


1 


0.1 


0.1 


31 


0 


.4 


0.8 


0. 


8 


0. 


8 


0.8 


0. 


7 


0.7 


0.7 


36 


0 


.9 


1.2 


1 . 


3 


1 . 


2 


1.2 


1 . 


2 


1.1 


1.1 


41 


1 


.2 


1.5 


1. 


6 


1. 


6 


1.5 


1. 


5 


1.5 


1.4 


46 


1 


.4 


1.7 


1 . 


8 


1 . 


8 


1.8 


1. 


7 


1.7 


1.7 


51 


1 


.6 


1.9 


2 . 


0 


2 . 


0 


2.0 


1. 


9 


1.9 


1.9 


56 


1 


.7 


2.1 


2 . 


2 


2 . 


1 


2.1 


2. 


1 


2.0 


2 . 0 


61 


1 


.9 


2.2 


2 . 


3 


2 , 


3 


2.2 


2 . 


2 


2,2 


2.1 


66 


2 


.0 


2.3 


2 . 


4 


2 , 


4 


2.3 


2 . 


3 


2.3 


2.2 


71 


2 


.1 


2.4 


2. 


5 


2 


4 


2.4 


2 . 


4 


2.3 


1.4 
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76 


2 . 


1 


2 . 5 


2 . 


5 


2 . 


5 


o n 
Z . D 


o 






u . 


n 
u 




81 


2 . 


2 


2 . 5 


2 . 


6 


2 . 


6 


2 . 5 


z . 


5 


1 . 6 


A 


A 

u 




86 


2 . 


3 


2 . 6 


2 . 


6 


2 . 


6 


2 . 6 


2 . 


f 

o 


U . U 


n 


A 

u 




91 


2 . 


3 


2 . 6 


2 . 


7 


2 . 


7 


2 . 6 


2 , 


3 


0 . 0 


u . 


A 

u 


5 


96 


2 . 


4 


2 . 7 


2 . 


7 


2 . 


7 


2 . 7 


0 . 


6 


0 . 0 


0 . 


0 




101 


2 . 


4 


2 . 7 


2 . 


8 


2 . 


7 


2 . 7 


0 . 


0 


0 . 0 


0 . 


0 




106 


2 . 


4 


2.7 


2 , 


8 


2 . 


8 


2 . 7 


0 . 


0 


0 . 0 


0 . 


0 




111 


2 , 


5 


2 . 8 


2 . 


8 


2 . 


8 


1 . 5 


0 . 


0 


0 . 0 


0 . 


0 




116 


2 . 


5 


2 .8 


2 . 


8 


2 . 


8 


0 .3 


0 . 


0 


0 . 0 


0 . 


0 


10 


121 


2 , 


5 


2 .8 


2 . 


9 


2 . 


8 


0 . 0 


0 , 


0 


0 . 0 


0 . 


0 




126 


2 


5 


2.8 


2 . 


9 


2 . 


9 


0 . 0 


0 , 


0 


0 . 0 


0 . 


0 




131 


2 


5 


2,8 


2 . 


9 


2 . 


4 


0 . 0 


0 


0 


0 . 0 


0 . 


0 




136 


2 


6 


2.8 


2 . 


9 


1 


6 


0.0 


0 


0 


0 . 0 


0 , 


0 




141 


2 


6 


2.9 


2 . 


9 


0 


8 


0.0 


0 


0 


0 . 0 


0 , 


0 


15 


146 


2 


6 


2.9 


2, 


9 


0 


1 


0.0 


0 


0 


0 . 0 


0 , 


0 




151 


2 


6 


2.9 


2 


9 


0 


0 


0 .0 


0 


0 


0 . 0 


0 


0 




156 


2 


.6 


2.9 


2 


9 


0 


0 


0 . 0 


0 


. 0 


0 . 0 


0 


0 




161 


2 


.6 


2.9 


3 


0 


0 


0 


0 . 0 


0 


. 0 


0 . 0 


0 


0 




166 


2 


.6 


2.9 


2 


6 


0 


. 0 


0 . 0 


0 


. 0 


0 . 0 


0 


0 


20 


171 


2 


.6 


2.9 


2 


1 


0 


. 0 


0 . 0 


0 


. 0 


0 . 0 


0 


0 




176 


2 


.6 


2.9 


1 


.6 


0 


. 0 


0 . 0 


0 


.0 


0 . 0 


0 


0 




181 


2 


. 6 


2.9 


1 


. 1 


0 


. 0 


0 . 0 


0 


. 0 


0 . 0 


0 


. 0 




186 


2 


. 6 


2.9 


0 


. 7 


0 


. 0 


0 . 0 


0 


. 0 


0 . 0 


0 


. 0 




191 


2 


.6 


2.9 


0 


.3 


0 


.0 


0 .0 


0 


.0 


0.0 


0 


.0 


25 


196 


2 


.7 


2 . 9 


0 


.0 


0 


.0 


0 , 0 


0 


.0 


0.0 


0 


. 0 




201 


2 


.7 


2.9 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 




206 


2 


. 7 


2.9 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


. 0 




211 


2 


.7 


2.9 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


. 0 




216 


2 


.7 


2.9 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


. 0 


30 


221 


2 


.7 


2.9 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 




226 


2 


.7 


2.6 


0 


.0 


0 


.0 


0.0 


0 


. 0 


0.0 


0 


. 0 
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Table 27: (s=2,z=6): Net Coding Gain Matrix (dB) 









15 


20 


25 




30 


35 


40 




45 


50 






1 


0 


0 


0.0 


0 . 


0 


0. 


0 


0.0 


0 . 


0 


0.0 


0.0 




5 


6 


0 


0 


0.0 


0 . 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0.0 






11 


0 


0 


0.0 


0. 


0 


0. 


0 


0.0 


0 . 


0 


0.0 


0.0 






16 


0 


0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 






21 


0 


0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 






26 


0 


0 


0.0 


0. 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 




10 


31 


0 


1 


0.4 


0 . 


4 


0 . 


4 


0.4 


0. 


3 


0.3 


0.2 






36 


0 


6 


0.9 


0 . 


9 


0 . 


9 


0.9 


0 . 


8 


0.8 


0.8 






41 


0 


9 


1.3 


1 . 


3 


1. 


3 


1.3 


1. 


2 


1.2 


1.2 






46 


1 


.2 


1.5 


1. 


6 


1. 


6 


1.6 


1. 


5 


1.5 


1.5 






51 


1 


.4 


1.8 


1. 


8 


1. 


8 


1.8 


1. 


8 


1.7 


1.7 




15 


56 


1 


. 6 


2.0 


2 . 


0 


2 . 


0 


2.0 


1. 


9 


1.9 


1.9 


m 




61 


1 


.8 


2.1 


2 . 


2 


2 . 


2 


2.1 


2 . 


1 


2.1 


2.0 






66 


1 


.9 


2.2 


2 . 


3 


2 . 


3 


2.3 


2. 


2 


2.2 


2.2 






71 


2 


.0 


2.3 


2 . 


4 


2 . 


4 


2.4 


2. 


3 


2.3 


1 . 1 


ill 




76 


2 


. 1 


2.4 


2 . 


5 


2 . 


5 


2.4 


2 . 


4 


2.4 


0.0 




20 


81 


2 


.2 


2 . 5 


2 . 


6 


2 , 


6 


2.5 


2 . 


5 


1.0 


0.0 






86 


2 


.3 


2.6 


2. 


6 


2. 


6 


2.6 


2. 


6 


0.0 


0.0 






91 


2 


.3 


2.6 


2 . 


7 


2 


7 


2.6 


2 . 


0 


0.0 


0.0 






96 


2 


.4 


2.7 


2 . 


8 


2 


7 


2.7 


0, 


4 


0.0 


0.0 






101 


2 


.4 


2.7 


2 


8 


2 


8 


2.7 


0 


0 


0.0 


0.0 




25 


106 


2 


.5 


2.8 


2 


8 


2 


8 


2.5 


0 


0 


0.0 


0.0 






111 


2 


.5 


2.8 


2 


9 


2 


8 


1.2 


0 


0 


0.0 


0.0 






116 


2 


.5 


2,8 


2 


9 


2 


9 


0 . 1 


0 


0 


0.0 


0.0 






121 


2 


.6 


2 . 9 


2 


9 


2 


.9 


0.0 


0 


0 


0.0 


0.0 






126 


2 


.6 


2.9 


2 


9 


2 


.9 


0 . 0 


0 


0 


0.0 


0.0 




30 


131 


2 


.6 


2.9 


3 


0 


2 


.2 


0.0 


0 


0 


0.0 


0.0 






136 


2 


. 6 


2.9 


3 


.0 


1 


.4 


0.0 


0 


.0 


0.0 


0.0 






141 


2 


.6 


2.9 


3 


.0 


0 


.6 


0.0 


0 


.0 


0.0 


0.0 






146 


2 


.7 


3.0 


3 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0.0 






151 


2 


. 7 


3 . 0 


3 


. 0 


0 


. 0 


0 .0 


0 


. 0 


0.0 


0.0 
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156 


2 . 


7 


3 


. 0 


3 . 


0 


0 


0 


0 . 0 


0 


0 


0 . 0 


0 . 


0 


161 


2 


7 


3 


. 0 


3 . 


0 


0 


0 


0 . 0 


0 


. 0 


0 . 0 


0 , 


u 


166 


2 


7 


3 


. 0 


2 . 


4 


0 


0 


0 . 0 


0 


. 0 


0 . 0 


0 . 


0 


171 


2 


7 


3 


. 0 


1 . 


9 


0 


0 


0 . 0 


0 


. 0 


0 . 0 


0 . 


0 


176 


2 


7 


3 


. 0 


1 . 


4 


0 


0 


0 . 0 


0 


. 0 


0 . 0 


0 . 


0 


181 


2 


7 


3 


.0 


1 . 


0 


0 


0 


0 . 0 


0 


. 0 


0 . 0 


0 . 


0 


186 


2 


7 


3 


.0 


0. 


5 


0 


0 


0.0 


0 


. 0 


0 . 0 


0 . 


0 


191 


2 


8 


3 


.0 


0 . 


1 


0 


.0 


0.0 


0 


.0 


0.0 


0. 


0 


196 


2 


8 


3 


.0 


0 . 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 . 


0 


201 


2 


.8 


3 


. 1 


0. 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0, 


0 


206 


2 


.8 


3 


. 1 


0. 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0, 


0 


211 


2 


.8 


3 


.1 


0 . 


0 


0 


.0 


0.0 


0 


,0 


0.0 


0. 


0 


216 


2 


.8 


3 


. 1 


0, 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


0 


221 


2 


.8 


2 


.8 


0, 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


0 


226 


2 


.8 


2 


.5 


0 , 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


0 



Table 28: (s=2,z=7): Net Coding Gain Matrix (dB) 



nefATeff 


15 


20 


25 




30 




35 


40 




45 


50 


1 


0 


.0 


0.0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0.0 


6 


0 


. 0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 


11 


0 


. 0 


0 . 0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0.0 


16 


0 


.0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0.0 


21 


0 


.0 


0.0 


0 . 


0 


0. 


0 


0.0 


0 . 


0 


0.0 


0.0 


26 


0 


.0 


0.0 


0. 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 


31 


0 


.0 


0.0 


0. 


0 


0 , 


0 


0.0 


0. 


0 


0,0 


0.0 


36 


0 


.2 


0.5 


0. 


6 


0. 


6 


0.5 


0 . 


5 


0.4 


0.4 


41 


0 


.6 


1.0 


1 . 


0 


1 . 


0 


1.0 


0 . 


9 


0.9 


0.8 


46 


1 


.0 


1.3 


1. 


4 


1 . 


4 


1.3 


1 . 


3 


1.2 


1.2 


51 


1 


.2 


1.6 


1 . 


7 


1 . 


6 


1.6 


1. 


5 


1.5 


1.5 


56 


1 


.5 


1.8 


1. 


9 


1 . 


8 


1.8 


1 . 


8 


1.7 


1.7 


61 


1 


.7 


2.0 


2 . 


1 


2 . 


0 


2.0 


1. 


9 


1.9 


1.9 


66 


1 


.8 


2.1 


2 . 


2 


2 . 


2 


2.1 


2 . 


1 


2.1 


2.0 


71 


1 


.9 


2.3 


2 . 


3 


2 , 


3 


2.3 


2 , 


2 


2.2 


0.7 
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76 


2 . 


0 


2 .4 


2 . 


4 


2 . 


4 


2 . 4 


2 , 


3 


2 . 3 


0 . 


0 




81 


2 . 


1 


2 . 5 


2 . 


5 


2 . 


5 


2 , 5 


2 , 


4 


0 . 7 


0 . 


0 




86 


2 . 


2 


2 . 5 


2 . 


6 


2 . 


6 


2 . 5 


2 . 


5 


0 . 0 


0 . 


0 




91 


2 . 


3 


2 . 6 


2 . 


7 


2 . 


7 


2 . 6 


1 . 


8 


0 . 0 


0 . 


0 


5 


96 


2 . 


4 


2 .7 


2 . 


7 


2 . 


7 


2 . 7 


0 . 


1 


0 . 0 


0 . 


0 




101 


2 . 


4 


2 .7 


2 . 


8 


2 . 


8 


2 . 7 


0 . 


0 


0 . 0 


0 . 


0 




106 


2 . 


5 


2 . 8 


2 . 


8 


2 . 


8 


2 . 3 


0 . 


0 


0 . 0 


0 . 


0 




111 


2 . 


5 


2.8 


2 . 


9 


2 . 


9 


1 . 0 


0 . 


0 


0 . 0 


0 . 


0 




116 


2 . 


5 


2 . 9 


2 . 


9 


2 . 


9 


0 . 0 


0 , 


0 


0 . 0 


0 . 


0 


10 


121 


2 . 


6 


2.9 


2 . 


9 


2 . 


9 


0.0 


0. 


0 


0.0 


0 . 


0 




126 


2 . 


6 


2.9 


3 . 


0 


2 . 


9 


0.0 


0 


0 


0 . 0 


0 . 


0 




131 


2 . 


6 


2.9 


3 . 


0 


2 


0 


0.0 


0 


0 


0 . 0 


0 . 


0 




136 


2, 


7 


3.0 


3 . 


0 


1 


2 


0.0 


0 


0 


0.0 


0 , 


0 




141 


2 


7 


3 . 0 


3 . 


0 


0 


5 


0.0 


0 


0 


0,0 


0 , 


0 


15 


146 


2 


7 


3.0 


3 , 


1 


0 


0 


0.0 


0 


0 


0.0 


0 


0 




151 


2 


7 


3 . 0 


3 


1 


0 


0 


0.0 


0 


0 


0.0 


0 


0 




156 


2 


7 


3.0 


3 


1 


0 


,0 


0.0 


0 


. 0 


0 . 0 


0 


0 




161 


2 


8 


3.1 


2 


8 


0 


.0 


0.0 


0 


.0 


0 . 0 


0 


0 




166 


2 


.8 


3.1 


2 


3 


0 


.0 


0.0 


0 


.0 


0 . 0 


0 


0 


20 


171 


2 


. 8 


3 . 1 


1 


8 


0 


. 0 


0 .0 


0 


. 0 


0 . 0 


0 


. 0 




176 


2 


.8 


3.1 


1 


.3 


0 


.0 


0.0 


0 


. 0 


0 . 0 


0 


. 0 




181 


2 


.8 


3.1 


0 


.8 


0 


. 0 


0 . 0 


0 


, 0 


0 . 0 


0 


. 0 




186 


2 


.8 


3.1 


0 


.4 


0 


.0 


0 . 0 


0 


. 0 


0 . 0 


0 


. 0 




191 


2 


.8 


3.1 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


25 


196 


2 


.8 


3.1 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 




201 


2 


.8 


3.1 


0 


. 0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 




206 


2 


.8 


3 . 1 


0 


. 0 


0 


. 0 


0.0 


0 


.0 


0.0 


0 


. 0 




211 


2 


.9 


3 . 1 


0 


.0 


0 


.0 


0.0 


0 


,0 


0.0 


0 


.0 




216 


2 


. 9 


3.0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


30 


221 


2 


,9 


2.7 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


. 0 




226 


2 


.9 


2.4 


0 


. 0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


. 0 
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Table 29: (s=2,z=8): Net Coding Gain Matrix (dB) 



10 



15 



20 



25 



30 



nefATeff 


15 


20 


25 




30 


35 


40 


45 


50 




1 


0 


0 


0.0 


0. 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0. 


0 


6 


0 


0 


0.0 


0. 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0. 


0 


11 


0 


0 


0 . 0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0. 


0 


16 


0 


0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0. 


0 


21 


0 


0 


0.0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0 . 


0 


26 


0 


0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0 . 


0 


31 


0 


0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0 . 


0 


36 


0 


0 


0.1 


0 . 


2 


0 . 


2 


0.1 


0. 


0 


0.0 


0 . 


0 


41 


0 


.3 


0.6 


0 . 


7 


0 . 


7 


0.6 


0. 


6 


0.5 


0, 


5 


46 


0 


.7 


1.0 


1. 


1 


1. 


1 


1.0 


1. 


0 


0.9 


0. 


9 


51 


1 


.0 


1.4 


1. 


4 


1. 


4 


1.3 


1. 


3 


1.3 


1 . 


2 


56 


1 


.3 


1.6 


1. 


7 


1. 


7 


1.6 


1. 


6 


1.5 


1 . 


5 


61 


1 


.5 


1.8 


1. 


9 


1 . 


9 


1.8 


1. 


8 


1 . 7 


1 . 


7 


66 


1 


.7 


2.0 


2 . 


1 


2 . 


0 


2.0 


1. 


9 


1.9 


1 . 


9 


71 


1 


.8 


2 . 1 


2 . 


2 


2 , 


2 


2.1 


2 . 


1 


2 . 1 


0 . 


4 


76 


1 


.9 


2.3 


2 . 


3 


2 


3 


2.3 


2 . 


2 


2.2 


0 . 


0 


81 


2 


.1 


2.4 


2 . 


4 


2 


4 


2.4 


2 . 


3 


0.4 


0 . 


0 


86 


2 


.1 


2.5 


2 . 


5 


2 


5 


2.5 


2 . 


4 


0.0 


0. 


0 


91 


2 


.2 


2.6 


2 , 


6 


2 


6 


2.6 


1, 


5 


0.0 


0. 


0 


96 


2 


.3 


2.6 


2 . 


7 


2 


7 


2.6 


0 


0 


0.0 


0 


0 


101 


2 


.4 


2.7 


2 


8 


2 


7 


2.7 


0 


0 


0.0 


0 


0 


106 


2 


.4 


2.7 


2 


8 


2 


.8 


2.0 


0 


0 


0.0 


0 


0 


111 


2 


.5 


2.8 


2 


9 


2 


.8 


0.8 


0 


0 


0.0 


0 


0 


116 


2 


. 5 


2.8 


2 


9 


2 


.9 


0.0 


0 


0 


0.0 


0 


0 


121 


2 


.6 


2.9 


2 


9 


2 


. 9 


0.0 


0 


0 


0.0 


0 


0 


126 


2 


.6 


2.9 


3 


0 


2 


.7 


0.0 


0 


0 


0.0 


0 


0 


131 


2 


.6 


3.0 


3 


.0 


1 


.8 


0.0 


0 


.0 


0.0 


0 


. 0 


136 


2 


.7 


3.0 


3 


.0 


1 


.0 


0.0 


0 


. 0 


0.0 


0 


.0 


141 


2 


.7 


3.0 


3 


.1 


0 


.3 


0.0 


0 


.0 


0.0 


0 


.0 


146 


2 


.7 


3.0 


3 


.1 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


151 


2 


.7 


3.1 


3 


.1 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 
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156 


2 , 


8 


3 


. 1 


3 . 1 


161 


2 


8 


3 


, 1 


2 . 7 


166 


2 


8 


3 


.1 


2.1 


171 


2 


8 


3 


.1 


1.6 


176 


2 


8 


3 


.1 


1.2 


181 


2 


8 


3 


.1 


0.7 


186 


2 


9 


3 


.2 


0.3 


191 


2 


9 


3 


.2 


0.0 


196 


2 


9 


3 


.2 


0.0 


201 


2 


9 


3 


.2 


0.0 


206 


2 


.9 


3 


.2 


0.0 


211 


2 


. 9 


3 


.2 


0.0 


216 


2 


.9 


2 


.9 


0.0 


221 


2 


.9 


2 


.6 


0.0 


226 


2 


.9 


2 


.3 


0.0 



Table 30: 



nefAYeff 


15 


20 




25 


1 


0 


.0 


0. 


0 


0.0 


6 


0 


.0 


0 . 


0 


0.0 


11 


0 


.5 


0 . 


8 


0.9 


16 


1 


.0 


1. 


3 


1.4 


21 


1 


.3 


1. 


6 


1.7 


26 


1 


.5 


1. 


8 


1.9 


31 


1 


.6 


1. 


9 


2.0 


36 


1 


.7 


1 . 


9 


2.0 


41 


1 


.7 


2 . 


0 


2.1 


46 


1 


.8 


2 . 


0 


2.1 


51 


1 


.8 


2 . 


0 


2.1 


56 


1 


.8 


2. 


1 


2.1 


61 


1 


.8 


2 . 


1 


2 . 1 


66 


1 


.8 


2. 


1 


2.1 


71 


1 


.8 


2. 


1 


2.2 



0 


0 


0 . 0 


0 . 


0 


0 


. 0 


0 . 0 


0 


0 


0 . 0 


0 , 


0 


0 


. 0 


0 . 0 


0 


0 


0.0 


0 . 


0 


0 


. 0 


0 . 0 


0 


0 


0.0 


0 , 


0 


0 


. 0 


0 . 0 


0 


0 


0 . 0 


0 . 


0 


0 


. 0 


0 .0 


0 


0 


0.0 


0 


0 


0 


. 0 


0 . 0 


0 


0 


0.0 


0 


0 


0 


. 0 


0.0 


0 


.0 


0.0 


0 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


0 


.0 


0 .0 


0 


.0 


0.0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


0 


. 0 


0.0 


0 


.0 


0.0 


0 


.0 


0 


.0 


0.0 



(s=4,z=l): Net Coding Gain Matrix (dB) 



30 


35 


40 




45 


50 


0.0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0.0 


0.0 


0. 


0 


0. 


0 


0.0 


0.9 


0.9 


0. 


9 


0. 


9 


0.9 


1.4 


1.4 


1. 


4 


1. 


4 


1.4 


1.7 


1,7 


1. 


7 


1 . 


7 


1.7 


1.9 


1.9 


1 . 


8 


1. 


8 


1.8 


2.0 


2.0 


1. 


9 


1. 


9 


1.9 


2.0 


2.0 


2 . 


0 


2. 


0 


1.8 


2.1 


2 .1 


2 . 


0 


1. 


7 


0.0 


2.1 


2.1 


2 . 


1 


0. 


0 


0.0 


2 . 1 


2 . 1 


0 . 


0 


0 . 


0 


0.0 


2.1 


1.8 


0, 


0 


0 . 


0 


0.0 


2.1 


0.0 


0 . 


0 


0 . 


0 


0.0 


2 . 1 


0.0 


0 . 


0 


0 . 


0 


0.0 


1.1 


0.0 


0. 


0 


0. 


0 


0.0 
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76 


1 . 


9 


2 , 1 


2 . 


2 


0 . 


0 


0 . 0 


0 . 


0 


0 . 0 


A 

0 . 


0 




81 


1 . 


9 


2 . 1 


2 . 


2 


0 . 


0 


0 . 0 


0 . 


0 


0 . 0 


0 . 


0 




86 


1. 


9 


2 . 1 


2 . 


2 


0 . 


0 


0 . 0 


0 . 


0 


0 . 0 


0 . 


0 




91 


1. 


9 


2.1 


1 . 


4 


0 . 


0 


0 . 0 


0 . 


0 


0 . 0 


0 . 


0 


5 


96 


1 . 


9 


2.1 


0 . 


5 


0 . 


0 


0 . 0 


0 . 


0 


0 . 0 


0 . 


0 




101 


1. 


9 


2.1 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0 . 0 


0 . 


0 




106 


1. 


9 


2.1 


0 . 


0 


0 , 


0 


0 . 0 


0 . 


0 


0 . 0 


0 . 


0 




111 


1. 


9 


2.1 


0 . 


0 


0. 


0 


0.0 


0, 


0 


0 . 0 


0 , 


0 




116 


1. 


9 


2 . 1 


0 . 


0 


0 , 


0 


0.0 


0 . 


0 


0 . 0 


0 . 


0 


10 


121 


1 . 


9 


2 . 0 


0 . 


0 


0 


0 


0.0 


0. 


0 


0 . 0 


0 . 


0 




126 


1. 


9 


1.5 


0. 


0 


0 


0 


0.0 


0. 


0 


0.0 


0 


0 




131 


1 . 


9 


1.1 


0 . 


0 


0 


0 


0.0 


0 . 


0 


0.0 


0 


0 




136 


1 


9 


0.6 


0 . 


0 


0 


0 


0.0 


0 


0 


0.0 


0 


0 




141 


1 


9 


0.3 


0 . 


0 


0 


0 


0.0 


0 


0 


0.0 


0 


0 


15 


146 


1 


9 


0.0 


0 . 


0 


0 


0 


0.0 


0 


0 


0.0 


0 


0 




151 


1 


9 


0.0 


0 . 


0 


0 


0 


0.0 


0 


0 


0.0 


0 


0 




156 


1 


8 


0.0 


0 , 


0 


0 


.0 


0.0 


0 


0 


0 . 0 


0 


0 




161 


1 


8 


0.0 


0 


0 


0 


.0 


0.0 


0 


0 


0.0 


0 


. 0 




166 


1 


.8 


0.0 


0 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


. 0 


20 


171 


1 


8 


0.0 


0 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


. 0 




176 


1 


.8 


0.0 


0 


0 


0 


.0 


0.0 


0 


.0 


0 . 0 


0 


. 0 




181 


1 


.8 


0.0 


0 


0 


0 


. 0 


0.0 


0 


. 0 


0 . 0 


0 


. 0 




186 


1 


. 8 


0.0 


0 


0 


0 


. 0 


0.0 


0 


. 0 


0 . 0 


0 


. 0 




191 


1 


.7 


0.0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


25 


196 


1 


.5 


0.0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 




201 


1 


.3 


0,0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 




206 


1 


.1 


0.0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 




211 


0 


.9 


0 . 0 


0 


.0 


0 


. 0 


0.0 


0 


.0 


0.0 


0 


.0 




216 


0 


.8 


0.0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


30 


221 


0 


.6 


0.0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 




226 


0 


.4 


0.0 


0 


. 0 


0 


. 0 


0.0 


0 


.0 


0.0 


0 


. 0 
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Table 3 1 : (s=4,z=2): Net Coding Gain Matrix (dB) 



10 



15 



20 



25 



30 



^eff \?ef f 


15 


20 


25 




30 


35 


40 




45 


50 




1 


0. 


0 


0.0 


0. 


0 


0. 


0 


0.0 


0, 


0 


0.0 


0. 


0 


6 


0, 


0 


0.0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0. 


0 


11 


0. 


0 


0.1 


0 . 


2 


0. 


1 


0.1 


0. 


1 


0.0 


0. 


0 


16 


0 


7 


1.1 


1. 


2 


1 . 


2 


1.2 


1. 


1 


1.1 


1 . 


1 


21 


1 


3 


1.6 


1 . 


7 


1 . 


7 


1.7 


1 . 


7 


1.7 


1. 


6 


26 


1 


6 


2.0 


2 . 


1 


2 . 


1 


2.0 


2. 


0 


2.0 


2 . 


0 


31 


1 


8 


2.2 


2 . 


3 


2 . 


3 


2.2 


2. 


2 


2.2 


2 , 


2 


36 


2 


0 


2.3 


2 . 


4 


2 . 


4 


2.4 


2. 


4 


2.3 


1. 


1 


41 


2 


1 


2.4 


2 . 


5 


2 . 


5 


2.5 


2 . 


5 


1.1 


0 . 


0 


46 


2 


2 


2.5 


2. 


6 


2 . 


6 


2.6 


2. 


2 


0.0 


0. 


0 


51 


2 


.2 


2.6 


2. 


6 


2. 


6 


2.6 


0. 


0 


0.0 


0 . 


0 


56 


2 


.3 


2.6 


2. 


7 


2 . 


7 


1.4 


0 . 


0 


0.0 


0 . 


0 


61 


2 


.3 


2.6 


2 . 


7 


2 . 


7 


0.0 


0 . 


0 


0.0 


0 . 


0 


66 


2 


.4 


2.7 


2 . 


7 


2 


4 


0.0 


0, 


0 


0 . 0 


0. 


0 


71 


2 


.4 


2.7 


2 . 


8 


0 


8 


0.0 


0, 


0 


0,0 


0. 


0 


76 


2 


.4 


2 . 7 


2 , 


8 


0 


0 


0.0 


0, 


0 


0.0 


0 . 


0 


81 


2 


.4 


2.7 


2 , 


8 


0 


0 


0.0 


0 


0 


0.0 


0, 


0 


86 


2 


.4 


2.7 


2. 


1 


0 


.0 


0.0 


0 


0 


0.0 


0 


0 


91 


2 


.4 


2.7 


1 


1 


0 


.0 


0.0 


0 


0 


0.0 


0 


0 


96 


2 


.5 


2.7 


0 


3 


0 


.0 


0.0 


0 


0 


0.0 


0 


0 


101 


2 


.5 


2.7 


0 


0 


0 


. 0 


0.0 


0 


0 


0.0 


0 


0 


106 


2 


.5 


2.7 


0 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


,0 


111 


2 


.5 


2 . 7 


0 


0 


0 


. 0 


0.0 


0 


.0 


0.0 


0 


. 0 


116 


2 


.5 


2.3 


0 


,0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


121 


2 


.5 


1.8 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


126 


2 


.5 


1.3 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


131 


2 


.5 


0.9 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


136 


2 


.5 


0.5 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


141 


2 


.5 


0.1 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


. 0 


146 


2 


.5 


0.0 


0 


.0 


0 


. 0 


0.0 


0 


.0 


0.0 


0 


.0 


151 


2 


.5 


0.0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 
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156 


2 , 


5 


0 . 0 


0 . 


0 


0 . 


0 


0 . 0 


0 . 


0 


0 . 0 






161 


2 , 


5 


0 . 0 


0 . 


0 


0 . 


0 


0 . 0 


0 . 


0 


0 . 0 


0 , 


0 


166 


2 


5 


0.0 


0 . 


0 


0 , 


0 


0 . 0 


0 . 


0 


0 . 0 


0 , 


A 


171 


2 


4 


0 . 0 


0 . 


0 


0 


0 


0 . 0 


0 , 


0 


0 . 0 




A 

(J 


176 


2 


2 


0 . 0 


0 . 


0 


0 


0 


0 . 0 


0 


0 


0 . 0 


0 


0 


181 


2 


0 


0 . 0 


0 . 


0 


0 


0 


0 . 0 


0 


0 


0 . 0 


0 


0 


186 


1 


7 


0.0 


0 . 


0 


0 


0 


0 .0 


0 


0 


0 . 0 


0 


0 


191 


1 


5 


0.0 


0 . 


0 


0 


0 


0.0 


0 


0 


0.0 


0 


0 


196 


1 


3 


0.0 


0 . 


0 


0 


.0 


0.0 


0 


0 


0.0 


0 


0 


201 


1 


2 


0,0 


0 . 


0 


0 


.0 


0.0 


0 


0 


0.0 


0 


0 


206 


1 


. 0 


0.0 


0 . 


0 


0 


.0 


0.0 


0 


0 


0.0 


0 


.0 


211 


0 


. 8 


0.0 


0 . 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


216 


0 


.6 


0.0 


0. 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


221 


0 


.5 


0.0 


0 . 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


226 


0 


.3 


0 . 0 


0 . 


0 


0 


.0 


0.0 


0 


. 0 


0.0 


0 


. 0 



Table 32: (s=4,z=3): Net Coding Gain Matrix (dB) 



nefAYeff 


15 


20 


25 




30 




35 


40 




45 


50 


1 


0 


.0 


0.0 


0. 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0.0 


6 


0 


.0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 


11 


0 


.0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 


16 


0 


.2 


0.4 


0. 


5 


0. 


5 


0.5 


0. 


4 


0.4 


0.4 


21 


0 


. 9 


1.2 


1. 


3 


1 . 


3 


1.3 


1 . 


3 


1.2 


1.2 


26 


1 


.4 


1.7 


1. 


8 


1 . 


8 


1.8 


1 . 


8 


1,7 


1,7 


31 


1 


.7 


2.1 


2. 


2 


2 . 


2 


2.1 


2 . 


1 


2.1 


2.0 


36 


2 


.0 


2.3 


2. 


4 


2 . 


4 


2.4 


2 . 


3 


2.3 


0.5 


41 


2 


.1 


2.5 


2. 


6 


2 . 


5 


2.5 


2 . 


5 


0.5 


0.0 


46 


2 


.3 


2.6 


2 . 


7 


2 . 


7 


2.6 


1. 


7 


0.0 


0,0 


51 


2 


.4 


2,7 


2. 


8 


2, 


8 


2.7 


0. 


0 


0,0 


0.0 


56 


2 


.4 


2.8 


2 , 


8 


2 , 


8 


1.0 


0. 


0 


0.0 


0.0 


61 


2 


.5 


2.8 


2, 


9 


2 


9 


0.0 


0 . 


0 


0.0 


0.0 


66 


2 


.6 


2.9 


2 . 


9 


2 


0 


0.0 


0 , 


0 


0.0 


0.0 


71 


2 


.6 


2.9 


3 , 


0 


0 


5 


0.0 


0 


0 


0.0 


0.0 
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10 



15 



20 



25 



30 



76 


2 . 


6 


2 . 9 


3 , 


0 


0 . 


0 


0 . 0 


0 . 


0 


0 . 


0 


0 . 


0 


81 


2 . 


7 


3 . 0 


2 . 


8 


0 . 


0 


0 . 0 


0 . 


0 


0 . 


0 


0 . 


u 


86 


2 . 


7 


3.0 


1 . 


8 


0 . 


0 


0 . 0 


0 . 


0 


0 . 


0 


0 . 


0 


91 


2 . 


7 


3 . 0 


0 . 


9 


0 . 


0 


0 . 0 


0 . 


0 


0 . 


0 


0 . 


0 


96 


2 . 


7 


3.0 


0 . 


0 


0 . 


0 


0 . 0 


0 . 


0 


0 . 


0 


0 . 


0 


101 


2 . 


7 


3.0 


0 . 


0 


0 . 


0 


0 . 0 


0 . 


0 


0 . 


0 


0 . 


0 


106 


2 . 


7 


3 , 0 


0 , 


0 


0 . 


0 


0 . 0 


0 . 


0 


0 . 


0 


0 . 


0 


111 


2 . 


7 


2.7 


0. 


0 


0. 


0 


0.0 


0 . 


0 


0 . 


0 


0 . 


0 


116 


2 . 


8 


2.1 


0 . 


0 


0. 


0 


0.0 


0. 


0 


0 , 


0 


0 . 


0 


121 


2 . 


8 


1 . 6 


0. 


0 


0. 


0 


0.0 


0 . 


0 


0 . 


0 


0 . 


0 


126 


2. 


8 


1.1 


0 . 


0 


0 . 


0 


0.0 


0 


0 


0, 


0 


0 . 


0 


131 


2 


8 


0.7 


0 . 


0 


0 , 


0 


0.0 


0 


0 


0 


0 


0 . 


0 


136 


2 


8 


0.3 


0 . 


0 


0 


0 


0.0 


0 


0 


0 


0 


0 . 


0 


141 


2 


8 


0.0 


0 . 


0 


0 


0 


0.0 


0 


0 


0 


0 


0 


0 


146 


2 


8 


0.0 


0, 


0 


0 


0 


0.0 


0 


0 


0 


.0 


0 


0 


151 


2 


8 


0.0 


0 


0 


0 


0 


0.0 


0 


0 


0 


.0 


0 


0 


156 


2 


8 


0.0 


0 


0 


0 


0 


0.0 


0 


.0 


0 


.0 


0 


0 


161 


2 


.8 


0.0 


0 


0 


0 


,0 


0.0 


0 


.0 


0 


. 0 


0 


0 


166 


2 


.5 


0.0 


0 


0 


0 


.0 


0.0 


0 


.0 


0 


. 0 


0 


. 0 


171 


2 


.3 


0.0 


0 


0 


0 


.0 


0.0 


0 


.0 


0 


. 0 


0 


. 0 


176 


2 


. 1 


0.0 


0 


0 


0 


.0 


0.0 


0 


. 0 


0 


. 0 


0 


. 0 


181 


1 


.8 


0.0 


0 


.0 


0 


. 0 


0.0 


0 


.0 


0 


. 0 


0 


. 0 


186 


1 


.6 


0.0 


0 


.0 


0 


. 0 


0 .0 


0 


.0 


0 


. 0 


0 


. 0 


191 


1 


.4 


0.0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0 


.0 


0 


.0 


196 


1 


.2 


0.0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0 


.0 


0 


.0 


201 


1 


.0 


0.0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0 


.0 


0 


.0 


206 


0 


. 9 


0.0 


0 


.0 


0 


. 0 


0.0 


0 


.0 


0 


.0 


0 


. 0 


211 


0 


,7 


0.0 


0 


.0 


0 


. 0 


0.0 


0 


.0 


0 


.0 


0 


. 0 


216 


0 


.5 


0.0 


0 


. 0 


0 


. 0 


0.0 


0 


.0 


0 


.0 


0 


.0 


221 


0 


.4 


0 . 0 


0 


. 0 


0 


. 0 


0.0 


0 


. 0 


0 


.0 


0 


. 0 


226 


0 


.2 


0.0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0 


.0 


0 


.0 
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Table 33: (s=4,z=4): Net Coding Gain Matrix (dB) 



10 



15 



20 



25 



30 



neff\7eff 


15 


20 


25 




30 




35 


40 




45 


50 




1 


0 . 


0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0. 


0 


6 


0 . 


0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0 . 


0 


11 


0. 


0 


0.0 


0. 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0. 


0 


16 


0 . 


0 


0.0 


0, 


0 


0 . 


0 


0.0 


0 . 


0 


0 . 0 


0. 


0 


21 


0. 


4 


0.7 


0. 


8 


0, 


7 


0.7 


0 . 


7 


0.6 


0. 


6 


26 


1. 


0 


1.4 


1. 


4 


1. 


4 


1.4 


1. 


3 


1.3 


1. 


3 


31 


1. 


4 


1 . 8 


1 . 


9 


1 . 


9 


1.8 


1. 


8 


1.8 


1 . 


7 


36 


1, 


8 


2.1 


2 . 


2 


2 . 


2 


2.1 


2 . 


1 


2.1 


0 . 


0 


41 


2 


0 


2 .3 


2 . 


4 


2 . 


4 


2.4 


2 . 


3 


0 . 0 


0 . 


0 


46 


2 


2 


2.5 


2. 


6 


2 . 


6 


2.5 


1. 


1 


0.0 


0. 


0 


51 


2 


3 


2.7 


2 . 


7 


2 . 


7 


2.7 


0. 


0 


0.0 


0. 


0 


56 


2 


4 


2.8 


2 . 


8 


2 . 


8 


0.6 


0. 


0 


0.0 


0 . 


0 


61 


2 


5 


2.8 


2. 


9 


2 , 


9 


0.0 


0. 


0 


0.0 


0 . 


0 


66 


2 


6 


2 .9 


3 . 


0 


1 


7 


0.0 


0 . 


0 


0.0 


0 . 


0 


71 


2 


. 6 


3.0 


3 . 


0 


0 


1 


0.0 


0 . 


0 


0.0 


0. 


0 


76 


2 


.7 


3.0 


3 , 


1 


0 


0 


0.0 


0 


0 


0.0 


0 


0 


81 


2 


. 7 


3.1 


2 


5 


0 


0 


0 . 0 


0 


0 


0,0 


0 


0 


86 


2 


.8 


3.1 


1 


5 


0 


0 


0.0 


0 


0 


0.0 


0 


0 


91 


2 


.8 


3.1 


0 


6 


0 


.0 


0.0 


0 


0 


0.0 


0 


0 


96 


2 


.8 


3.1 


0 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


0 


101 


2 


.9 


3.2 


0 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


0 


106 


2 


.9 


3 . 1 


0 


.0 


0 


, 0 


0.0 


0 


.0 


0.0 


0 


.0 


111 


2 


.9 


2,5 


0 


.0 


0 


.0 


0.0 


0 


.0 


0,0 


0 


.0 


116 


2 


. 9 


1.9 


0 


.0 


0 


. 0 


0.0 


0 


. 0 


0.0 


0 


.0 


121 


2 


. 9 


1.4 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


126 


2 


.9 


1.0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


131 


2 


.9 


0.5 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


136 


2 


.9 


0.1 


0 


.0 


0 


. 0 


0.0 


0 


.0 


0.0 


0 


. 0 


141 


2 


.9 


0.0 


0 


.0 


0 


. 0 


0,0 


0 


.0 


0.0 


0 


. 0 


146 


2 


. 9 


0.0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 


151 


3 


.0 


0.0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 
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1 

X o o 




. u 


u . u 


A 

u 


. u 


A 

u 


. u 


(J 


A 

u 


0 


. 0 


0 . 0 


0 


. 0 


1 D 1 




"-7 

. / 


U . U 


A 

u 


A 


u 


. 0 


0 , 


0 


0 


. 0 


0 . 0 


0 


. 0 


JLo D 


z 


/I 


U , 0 


A 


. 0 


0 


. 0 


0 , 


0 


0 


. 0 


0 . 0 


0 


. 0 


1/1 


2 


. 2 


0 . 0 


0 


. 0 


0 


. 0 


0 . 


0 


0 


. 0 


0 . 0 


0 


. 0 


176 


1 


. 9 


A A 

0 . 0 


0 


0 


0 


. 0 


0 . 


0 


0 


. 0 


0 . 0 


0 


. 0 


181 


1 


. 7 


0 . 0 


0 


0 


0 


. 0 


0 . 


0 


0 


. 0 


0 . 0 


0 


0 


186 


1 


5 


0 . 0 


0 


0 


0 


0 


0 . 


0 


0 


. 0 


0.0 


0 


0 


191 


1 


3 


0.0 


0 


0 


0 


0 


0 . 


0 


0 


.0 


0.0 


0 


0 


196 


1 


1 


0.0 


0, 


0 


0 


0 


0 . 


0 


0 


.0 


0 . 0 


0 


0 


201 


0 


9 


0.0 


0. 


0 


0 


0 


0. 


0 


0 


0 


0.0 


0 


0 


206 


0 


7 


0.0 


0. 


0 


0 


0 


0 . 


0 


0 


0 


0.0 


0 


0 


211 


0 . 


6 


0.0 


0 . 


0 


0, 


0 


0. 


0 


0 


0 


0.0 


0, 


0 


216 


0 . 


4 


0.0 


0. 


0 


0 . 


0 


0 . 


0 


0 


0 


0.0 


0, 


0 


221 


0. 


3 


0.0 


0. 


0 


0 . 


0 


0 . 


0 


0 


0 


0.0 


0. 


0 


226 


0 . 


1 


0.0 


0 . 


0 


0 . 


0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 



Table 34: (s=8,z=l): Net Coding Gain Matrix (dB) 



^efATeff 


15 


20 


25 


30 


35 


40 


45 


50 


1 


0 


.0 


0 


. 0 


0 


0 


0 


.0 


0.0 


0 


0 


0.0 


0.0 


6 


0 


. 0 


0 


.3 


0 


4 


0 


.4 


0 .4 


0 


3 


0.3 


0.3 


11 


1 


. 1 


1 


.5 


1 


7 


1 


.7 


1.7 


1 


7 


1.7 


1.7 


16 


1 


.7 


2 


.1 


2 


2 


2 


.2 


2.2 


2 


2 


2.2 


2.2 


21 


2 


.0 


2 


.3 


2 . 


4 


2 


.5 


2.4 


2 


4 


0.3 


0.0 


26 


2 


.1 


2 


,5 


2, 


6 


2 


.6 


2.6 


0, 


0 


0.0 


0.0 


31 


2 


.2 


2 


.6 


2, 


7 


2 


.7 


0.0 


0. 


0 


0.0 


0.0 


36 


2 


.3 


2 


.6 


2 . 


7 


0 


.5 


0.0 


0. 


0 


0.0 


0,0 


41 


2 


.3 


2 


.7 


2 . 


7 


0 


.0 


0.0 


0. 


0 


0.0 


0.0 


46 


2 


.4 


2 


. 7 


0 . 


9 


0 


.0 


0.0 


0 . 


0 


0.0 


0.0 


51 


2 


4 


2 


.7 


0 . 


0 


0 


.0 


0.0 


0. 


0 


0.0 


0.0 


56 


2 


4 


2 


.7 


0. 


0 


0 


.0 


0.0 


0. 


0 


0.0 


0.0 


61 


2 


4 


1 


. 7 


0 . 


0 


0 


.0 


0.0 


0. 


0 


0.0 


0.0 


66 


2 


4 


0 


.8 


0. 


0 


0 


.0 


0.0 


0. 


0 


0.0 


0.0 


71 


2 


4 


0 


.0 


0 . 


0 


0 


.0 


0.0 


0 . 


0 


0 . 0 


0.0 
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A 


. 4 
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. 0 
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0 


. 0 


0 . 0 


0 


. 0 
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. 4 
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0 
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0 . 0 


0 


. 0 
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0 
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86 


2 


. 3 


0 . 0 


0 


. 0 


0 


. 0 


0 . 0 


0 


. 0 


0 . 0 


0 


. 0 




91 


1 


. 9 


0 . 0 


0 


. 0 


0 


. 0 


0 . 0 


0 


. 0 


0 . 0 


0 


.0 


c 

J 


96 


1 


. 5 


0 . 0 


0 


. 0 


0 


. 0 


0 . 0 


0 


. 0 


0.0 


0 


.0 




101 


1 


. 1 


0 . 0 


0 


. 0 


0 


. 0 


0 . 0 


0 


. 0 


0.0 


0 


.0 




106 


0 


. a 


0 . 0 


0 


. 0 


0 


, 0 


0 . 0 


0 


. 0 


0.0 


0 


. 0 




111 


0 


. 5 


0 . 0 


0 


. 0 


0 


. 0 


0 . 0 


0 


.0 


0.0 


0 


.0 




116 


0 


.2 


0 . 0 


0 


. 0 


0 


. 0 


0.0 


0 


.0 


0.0 


0 


.0 


10 


121 


0 


.0 


0 . 0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 




126 


0 


. 0 


0.0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


.0 




131 


0 


.0 


0.0 


0 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


0 




136 


0 


0 


0.0 


0 


0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


0 




141 


0 


0 


0.0 


0 


0 


0 


.0 


0.0 


0 


0 


0.0 


0 


0 


15 


146 


0 


0 


0 . 0 


0 


0 


0 


.0 


0.0 


0 


0 


0.0 


0 


0 




151 


0 


0 


0 . 0 


0 


0 


0 


0 


0.0 


0 


0 


0.0 


0 


0 




156 


0 


0 


0 . 0 


0 


0 


0 


0 


0.0 


0 


0 


0.0 


0 


0 




161 


0 


0 


0.0 


0 


0 


0 


0 


0.0 


0 


0 


0.0 


0 


0 




166 


0 , 


0 


0 . 0 


0 . 


0 


0 


0 


0.0 


0 


0 


0.0 


0 , 


0 


20 


171 


0 . 


0 


0 . 0 


0 . 


0 


0 


0 


0.0 


0. 


0 


0.0 


0 . 


0 




176 


0 . 


0 


0 . 0 


0 . 


0 


0 


0 


0 . 0 


0. 


0 


0.0 


0. 


0 




181 


0 . 


0 


0 . 0 


0. 


0 


0, 


0 


0.0 


0. 


0 


0.0 


0. 


0 




186 


0 . 


0 


0 . 0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0. 


0 




191 


0. 


0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0 . 


0 


25 


196 


0. 


0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0 . 


0 




201 


0. 


0 


0 . 0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0 . 0 


0 . 


0 




206 


0. 


0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0. 


0 




211 


0 . 


0 


0 . 0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0 . 0 


0. 


0 




216 


0 . 


0 


0.0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0 . 


0 


30 


221 


0 . 


0 


0 . 0 


0. 


0 


0. 


0 


0.0 


0 . 


0 


0.0 


0. 


0 




226 


0, 


0 


0.0 


0. 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0. 


0 
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Table 35: (s=8,z=2): Net Coding Gain Matrix (dB) 





nefATeff 


15 


20 


25 


30 


35 


40 


45 


50 




1 


0 


. 0 


0.0 


0 . 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0 . 0 


5 


6 


0 


.0 


0.0 


0 . 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0.0 




11 


0 


.4 


0.8 


0 . 


9 


0 . 


9 


0.8 


0. 


8 


0.8 


0.7 




16 


1 


.4 


1.8 


1. 


9 


1. 


9 


1.8 


1. 


8 


1.8 


1.8 




21 


1 


.9 


2.3 


2 . 


4 


2. 


4 


2.4 


2. 


3 


0.0 


0 . 0 




26 


2 


.2 


2.6 


2 . 


7 


2 . 


7 


2.5 


0. 


0 


0.0 


0.0 


10 


31 


2 


.4 


2.8 


2 . 


9 


2 . 


9 


0.0 


0. 


0 


0.0 


0 . 0 




36 


2 


.6 


2,9 


3 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 




41 


2 


.7 


3.0 


2. 


3 


0. 


0 


0.0 


0. 


0 


0.0 


0.0 




46 


2 


. 7 


3 . 1 


0. 


4 


0 . 


0 


0.0 


0 . 


0 


0.0 


0.0 




51 


2 


. 8 


3 . 1 


0. 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 


15 


56 


2 


.8 


2.3 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 




61 


2 


.9 


1.3 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0.0 




66 


2 


. 9 


0.4 


0 . 


0 


0. 


0 


0.0 


0 . 


0 


0.0 


0.0 




71 


2 


. 9 


0 . 0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0 . 0 




76 


2 


.9 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 


20 


81 


2 


.6 


0.0 


0. 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 




86 


2 


.1 


0.0 


0 . 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0.0 




91 


1 


. 6 


0.0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0.0 




96 


1 


.2 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 




101 


0 


.9 


0.0 


0. 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0.0 


25 


106 


0 


.5 


0 . 0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0 .0 


0 . 0 




111 


0 


.2 


0.0 


0 . 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0.0 




116 


0 


.0 


0.0 


0 . 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0.0 




121 


0 


.0 


0.0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0.0 




126 


0 


.0 


0.0 


0 . 


0 


0 . 


0 


0 . 0 


0. 


0 


0.0 


0 . 0 


30 


131 


0 


.0 


0.0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0.0 




136 


0 


.0 


0.0 


0. 


0 


0 . 


0 


0.0 


0 . 


0 


0.0 


0.0 




141 


0 


.0 


0.0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0.0 




146 


0 


.0 


0.0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0.0 


0.0 




151 


0 


.0 


0.0 


0. 


0 


0 . 


0 


0.0 


0. 


0 


0.0 


0.0 
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5 



10 



15 



156 


0 


0 


0 


0 


0 


0 


0 


0 


0 . 0 


0 . 


0 


0 


. 0 


0 


0 


161 


0 


0 


0 


0 


0 


0 


0 


0 


0 . 0 


0 . 


0 


0 


. 0 


0 


0 


166 


0 


0 


0 


0 


0 


0 


0 


0 


0 . 0 


0 . 


0 


0 


. 0 


0 


0 


171 


0 


0 


0 


0 


0 


0 


0 


0 


0.0 


0. 


0 


0 


. 0 


0 


0 


176 


0 


0 


0 


0 


0 


0 


0 


0 


0.0 


0. 


0 


0 


.0 


0 


0 


181 


0 


0 


0 


0 


0 


0 


0 


0 


0.0 


0. 


0 


0 


.0 


0 


0 


186 


0 


0 


0 


0 


0 


0 


0 


0 


0.0 


0. 


0 


0 


.0 


0 


0 


191 


0 


0 


0 


0 


0 


0 


0 


0 


0.0 


0. 


0 


0 


.0 


0 


0 


196 


0 


0 


0 


0 


0 


0 


0 


0 


0.0 


0. 


0 


0 


. 0 


0 


0 


201 


0 


0 


0 


0 


0 


0 


0 


0 


0.0 


0. 


0 


0 


.0 


0 


0 


206 


0 


0 


0 


0 


0 


0 


0 


0 


0.0 


0. 


0 


0 


.0 


0 


0 


211 


0 


0 


0 


0 


0 


0 


0 


.0 


0.0 


0. 


0 


0 


.0 


0 


0 


216 


0 


0 


0 


0 


0 


0 


0 


0 


0.0 


0. 


0 


0 


.0 


0 


0 


221 


0 


0 


0 


0 


0 


0 


0 


0 


0.0 


0. 


0 


0 


.0 


0 


0 


226 


0 


0 


0 


0 


0 


0 


0 


0 


0.0 


0. 


0 


0 


.0 


0 


0 



Table 36: (s=16,z=l): Net Coding Gain Matrix (dB) 



25 



30 



^sfAVeff 


15 


20 


25 


30 


35 


40 


45 


50 


1 


0 


. 0 


0 . 0 


0. 


0 


0 . 


0 


0.0 


0. 


0 


0. 


0 


0 . 0 


6 


0 


.4 


0.8 


1. 


0 


1. 


0 


1.0 


1. 


0 


1 . 


0 


1.0 


11 


1 


.7 


2 . 1 


2 . 


3 


2 . 


3 


2.3 


2 . 


3 


0 . 


0 


0.0 


16 


2 


.2 


2.6 


2. 


8 


2. 


2 


0.0 


0. 


0 


0. 


0 


0.0 


21 


2 


.5 


2.9 


1 . 


8 


0 . 


0 


0.0 


0 . 


0 


0 . 


0 


0 . 0 


26 


2 


.6 


3.0 


0. 


0 


0. 


0 


0.0 


0. 


0 


0. 


0 


0.0 


31 


2 


.7 


1.1 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0. 


0 


0.0 


36 


2 


.8 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0. 


0 


0.0 


41 


2 


.4 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0 . 


0 


0 . 0 


46 


1 


.5 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0. 


0 


0.0 


51 


0 


.8 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0. 


0 


0.0 


56 


0 


.2 


0.0 


0. 


0 


0 . 


0 


0.0 


0 . 


0 


0 . 


0 


0.0 


61 


0 


.0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0 . 


0 


0 . 0 


66 


0 


.0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0 . 


0 


0. 


0 


0.0 


71 


0 


.0 


0.0 


0 . 


0 


0 . 


0 


0.0 


0. 


0 


0. 


0 


0.0 
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76 


0 . 


0 


0 . 0 


0 , 


0 


0 


0 


0 . 0 


0 


0 


0 . 0 


0 . 


0 




81 


0. 


0 


0 . 0 


0 , 


0 


0 


0 


0 . 0 


0 


0 


0 . 0 


0 . 


0 




86 


0 , 


0 


0.0 


0 , 


0 


0 


0 


0 . 0 


0 


0 


0 . 0 


0 . 


0 




91 


0, 


0 


0.0 


0 , 


0 


0 


0 


0 . 0 


0 


0 


0 . 0 


0 . 


0 


5 


96 


0, 


0 


0.0 


0 , 


0 


0 


0 


0 . 0 


0 


0 


0 . 0 


0 . 


0 




101 


0. 


0 


0,0 


0. 


0 


0 


0 


0.0 


0 


0 


0.0 


0 , 


0 




106 


0, 


0 


0.0 


0 


0 


0 


0 


0.0 


0 


0 


0,0 


0 . 


0 




111 


0, 


0 


0.0 


0 


0 


0 


0 


0.0 


0 


0 


0,0 


0, 


0 




116 


0, 


0 


0.0 


0 


0 


0 


0 


0.0 


0 


0 


0.0 


0 . 


0 


10 


121 


0, 


0 


0.0 


0 


0 


0 


0 


0.0 


0 


0 


0.0 


0, 


0 




126 


0, 


0 


0.0 


0 


0 


0 


0 


0.0 


0 


0 


0.0 


0, 


0 




131 


0, 


0 


0.0 


0 


0 


0 


0 


0.0 


0 


0 


0.0 


0, 


0 




136 


0 


0 


0.0 


0 


0 


0 


0 


0.0 


0 


0 


0.0 


0 


0 




141 


0 


0 


0.0 


0 


0 


0 


0 


0.0 


0 


0 


0.0 


0 


0 


15 


146 


0 


0 


0.0 


0 


0 


0 


0 


0.0 


0 


0 


0,0 


0 


0 




151 


0 


0 


0.0 


0 


0 


0 


0 


0.0 


0 


0 


0.0 


0 


0 




156 


0 


0 


0 . 0 


0 


0 


0 


0 


0 . 0 


0 


0 


0 . 0 


0 


0 




161 


0 


0 


0.0 


0 


0 


0 


0 


0 . 0 


0 


0 


0.0 


0 


0 




166 


0 


0 


0.0 


0 


0 


0 


0 


0.0 


0 


0 


0.0 


0 


0 


20 


171 


0 


0 


0.0 


0 


0 


0 


0 


0.0 


0 


0 


0 . 0 


0 


0 




176 


0 


0 


0.0 


0 


0 


0 


0 


0.0 


0 


0 


0.0 


0 


0 




181 


0 


0 


0.0 


0 


0 


0 


0 


0.0 


0 


0 


0.0 


0 


0 




186 


0 


0 


0.0 


0 


0 


0 


0 


0,0 


0 


,0 


0.0 


0 


0 




191 


0 


0 


0.0 


0 


0 


0 


.0 


0 . 0 


0 


.0 


0.0 


0 


0 


25 


196 


0 


0 


0.0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0,0 


0 


0 




201 


0 


0 


0.0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0,0 


0 


0 




206 


0 


0 


0.0 


0 


.0 


0 


. 0 


0.0 


0 


.0 


0,0 


0 


0 




211 


0 


0 


0.0 


0 


.0 


0 


. 0 


0.0 


0 


.0 


0.0 


0 


0 




216 


0 


0 


0.0 


0 


.0 


0 


. 0 


0.0 


0 


.0 


0.0 


0 


0 


30 


221 


0 


0 


0.0 


0 


. 0 


0 


. 0 


0.0 


0 


,0 


0.0 


0 


0 




226 


0 


.0 


0.0 


0 


.0 


0 


.0 


0.0 


0 


.0 


0.0 


0 


0 
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4, The existence of a transitional zone in the net and line coding gain 
at a high signal-to-noise ratio 

Tables 12 and 13, above, show that in the G.dmt standard, when an 
5 effective number of subchannels Uejf is greater than 151 (neff>151), there is a 
threshold value of the signal-to-noise ratio Ythresh(neff)<50 dB such that when 
y>Ythresh{^eff) both inequalities (17.6) and (17,7) hold. At such signal-to-noise ratio, 
the uncoded case provides better channel throughput with a BER less than 
10"^ than G.dmt-appropriate coding. This feature appears at a sufficiently large value 

10 of the effective number of subchannels Uejf (right lower comer of Tables 12 and 13), 
and was not observed for G.lite. In this situation, using the general method described 
in subsection 2 of this section modifies the net coding gain gnjB, the number of DMT 
symbols per FEC frame s, and the number of FEC control code symbols per DMT 
symbol z. The change occurs in the transitional zone with the width of --1 dB 

15 separating the (%^, rieff) areas where no coding is needed and where some coding is 

still beneficial. Table 37, below, presents the values of a preferred set of values of 
(siYeff), ziYeff), gnjB(Yeff)) ^eg=201 obtaiucd using the generaUzed method in this 
embodiment, for the G.dmt standard, in the transitional zone. 

20 Table 37. Change in the g^^ s, and z with respect to Yeff 



Yeff 


35 


36 


37 


38 


39 


40 


41 


9c, dB 


2.74 


2 .73 


2 .47 


1.95 


1.19 


0.19 


0 


s 


1 


1 


1 


1 


1 


1 


1 


z 


12 


12 


8 


4 


2 


2 


0 



Table 38, below, presents the corresponding values of a preferred set 
of values of {gnMiYejf). ^(Yeff)^ ziYeff)) at nef=^201 obtained using the method described 
25 in U.S. Patent application, Serial No. 09/689,367 filed on October 12, 2000, titled 
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"Method of Selecting Initialization Parameters for Multi-channel Data 
Communication with Forward Error Correction", to Vlad Mitlin, Tim Murphy, and 
Richard G.C, WilUams. 

5 Table 38 . Change in g^^ds, and z vs. Yeff 



Yeff 


35 


36 


37 


38 


38,7- 


38 .7 + 


39 


40 


41 


9c, dB 


2 .74 


2,73 


2 .44 


1,47 


1.47 


0 


0 


0 


0 


S 


1 


1 


1 


1 


1 


1 


1 


1 


1 


Z 


12 


12 


6 


2 


2 


0 


0 


0 


0 



In both tables 37 and 38, the number of DMT frames in a FEC frame s 
is equal to 1 in the transitional zone while the number FEC control symbols in a DMT 

10 symbol z decreases with increasing signal-to-noise ratio. However, the value of the 
number of FEC control code symbols per DMT symbol z in Table 37 decreases 
slower than the value of the number of FEC control code symbols per DMT symbol z 
in Table 38. The value of the net coding gain gn,dB in the generalized method 
described in this embodiment (Table 37) gradually decreases to 0. In Table 38, the 

15 value of the net coding gain gnjs decreases to a value of 1.47 dB at a signal-to-noise 

ratio of 38.7 dB, and then jumps to zero discontinuously. 

The method of Table 38 underestimates the net coding gain gn,dB in the 
transitional zone. The differences in optimum FEC parameters obtained by these two 
20 methods occurs in a narrow (--1 to 2 dB) zone, but is accounted for in G.dmt, As the 

maximum number of subchannels in G.lite is equal to 96, while the maximum 
number of subchannels in G.dmt is equal to 224, the tables published in U.S. Patent 
application, Serial No, 09/689,367 filed on October 12, 2000, titled "Method of 
Selecting Initialization Parameters for Multi-channel Data Communication with 
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Forward Error Correction", to Vlad Mitlin, Tim Murphy, and Richard G.C. Williams, 
are not changed when the generalized method of this embodiment is used. 

5. FEC-setting message sequence between CO and RT and the related 
5 problems involving coding gain tables 

In the environment of DSL communications and particularly in the 
environment of G.dmt and G.lite compliance, the present invention can be applied to 
the initialization protocols specified in the 1999 versions of the G.992.1 and G.992.2 
10 Recommendations. Figs. lOA and lOB are from the 1999 version of the G.992.1 
standard. 

The aspects of the standard DSL initialization procedure considered 
relevant for negotiation of FEC parameters are labeled in Figs. lOA and lOB. The 
15 left hand column represents messages originating with the central office (C) terminal 

and the right column represents messages originating with the remote (R) terminal. 
Negotiations regarding downstream and upstream communications proceed in 
parallel. 

20 The procedure of setting FEC parameters in a DSL 

G.lite/G.dmt-compliant system comprises an exchange of the following messages 
between the central office and remote terminal. When two logical messages appear 
on the same line, those messages can be combined into a single transmission: 

25 C RATES 1 ^ C-MSGl ^ 

R-RATESl ^R-MSGl ^ 

R-MSG-RA <r R-RATES-RA <r 

C-RATES-RA -> C-MSG-RA^ 

R-MSG2 ^ R-RATES2 ^ 
30 C-MSG2 -> C-RATES2 -> 
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This exchange of messages is explained first with respect to the remote terminal, 
then with respect to the central office because the exchange of messages is not 
entirely symmetrical. 

6. Remote Terminal Side of the Exchange 

The remote terminal side of the FEC-related information exchange 
proceeds as follows. At 140, the remote terminal receives a C-RATESl message 
from the central office. This message includes four options for s, the number of DMT 
symbols per FEC frame, and z, the number of control code symbols per DMT 
symbol. Options are transmitted for both upstream and downstream channels and are 
listed in order of decreasing preference. The remote terminal also receives C-MSGl 
from the central office. This message includes the margin ji, and bmax, the maximum 
number of bits per subchannel for downstream transmission. These values are 
preliminary, as they precede measurements of signal strength. 

At 142, the remote terminal sends R-RATESl to the central office 
providing four options of (s,z) parameters transmitted in order of decreasing 
preference, for upstream transmission. As the central office has control over the data 
rates, these options may be copied from C-RATESl . The remote terminal also sends 
R-MSGl to the central office providing the maximum number of bits per subchannel 
for upstream transmission. 

At 144, the remote terminal sends R-MSG-RA to the central office 
providing the following parameters for downstream transmission: Ueff , the number of 
subcarriers, the best (at s-1) estimates of z and K^N-ps-sz, where is the number of 
code symbols in a FEC frame, K is the number of code symbols in the information 
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field, p is the mode index value, gids is the line coding gain per subcarrier; and B^mt 
is the DMT symbol size. 

When preparing R-MSG-RA, the remote terminal should take 
5 advantage of having measured the downstream signal-to-noise ratio (/]) distribution 
over subcarriers or channels. The remote terminal computes jf=/7-//^ the 
margin-corrected signal-to-noise ratio distribution. (The margin value // was received 
in C-MSGl.) The remote terminal determines the number of subcarriers carrying 
data downstream, n^^, as follows: (i) for each subcarrier, bi^o, the number of bits to be 
10 loaded at that subcarrier without FEC at the bit error rate ^10"^ is computed; and (ii) 

the effective number of channels, ^eff ^ the number of channels loaded with 

one or more bits, is estimated. The remote terminal computes jejf =^7i^^eff, the 
average signal-to-noise ratio of the downstream channel. The remote terminal should 
find the best set or sets of (z; gijB; N-ps-sz, bi = b^o + i=h..,neff\ 
15 Sz)Mr=Sinin(&i> bmax)) at 5'=1 and ^10"^. In this manner, the remote terminal can 
send R-RATES-RA to the central office providing the best (s,z) option(s) from 
C-RATESl, for downstream transmission, based on signal-to-noise ratio 
measurements. 

20 When preparing R-RATES-RA, the remote terminal should determine 

% , fiejf , and Yejf as described above. With this information, the remote terminal can 
find the best {s, z, gdjB) triplet(s) at the specified bit error rate ^10"'^, applying the 
equations and procedure set forth above. If the best triplet(s) matches one of the 
options remote terminal received with C-RATESl, the remote terminal sends that 

25 option's number to the central office in R-RATES-RA. Otherwise, the remote 

terminal indicates that no option was selected in R-RATES-RA. 
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At 146, the remote terminal receives C-RATES-RA with 4 options of 
(s, z) parameters transmitted in order of decreasing preference. This list of options is 
not constrained by previous messages. The remote terminal also receives 
C-MSG-RA with a potentially revised margin for downstream transmission. 

At 148, the remote terminal sends R-MSG2 to the central office 
providing the DMT symbol size for downstream transmission corresponding to the 
downstream margin received in C-MSG-RA and the (5, z) option chosen in 
R-RATES2 at £t=:10"^. It also sends R-RATES2 to the central office providing the 
best is,z) option from C-RATES-RA. 

When preparing R-MSG2 and R-RATES2, the remote terminal should 
computes Yi=ri-ju, the margin-corrected signal-to-noise ratio distribution. The margin 
value is received in C-MSG-RA. If the margin and channel strengths are unchanged, 
this calculation is easily optimized. The remote terminal determines } and Ueff 
and Yeff as described above. The remote terminal finds the best (s, z, gi^ds) triplet(s) 
chosen from 4 options it received in C-RATES-RA at ^10"^, as described in the 
equations and procedures above. Then it computes the size of DMT symbol for 
sending it with R-MSG2, as follows: bi = b^o + gijB/3.01, i=h..,neff\ 

BoMT=^^T^(bi^, bmwc)' 

At 150, the remote terminal receives C-MSG2 with the margin and 
DMT symbol size the upstream channel can support. The remote terminal also 
receives C-RATES2, a reply to R-RATES-RA from the central office, with final 
downstream and upstream FEC sets. 
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A. Central Office Side of the Exchange 

The central office side of the FEC-related information exchange is 
substantially, but not completely, the same as the remote terminal side of the exchange. 
5 At 90, the central office sends C-RATES 1 to the remote terminal providing 4 options of 

(s, z) parameters transmitted in order of decreasing preference. When preparing 
C-RATES 1, the central office does not have any downstream signal-to-noise ratio 
information, unless the central office uses historical information from prior 
communication sessions. Therefore, four best (s, z) sets for downstream transmission are 

10 determined from lookup tables at values such as Yeff"50 dB and rieff =96, which are the 
best possible performance conditions of the downstream channel in one set of tables 
embodying aspects of the present invention. At this point, the central office has not 
measured the upstream signal-to-noise ratio. Therefore, four best (s,z) sets for upstream 
transmission are also determined from lookup tables, preferably at an effective 

15 signal-to-noise ratio Yejf equal to 50 dB and effective number of subchannels equal to 
26, when these are the best possible performance conditions of the upstream channel). 
The central office also sends C-MSGl to the remote terminal providing the margin and 
maximum number of bits per subchannel for downstream transmission. 

20 At 142, the central office receives R-RATESl with the remote terminal's 

choice of four options of(s,z) parameters for upstream transmission. The central office 
also receives R-MSGl with the remote terminal's choice of the margin and maximum 
number of bits per subchannel, for upstream transmission. 

25 At 144, the central office receives R-MSG-RA with the remote terminal's 

best (at s=l) estimates of z; K-N-ps-sz, the line coding gain, and the size of the DMT 
symbol (with margin from C-MSGl), for downstream transmission. The central office 
also receives R-RATES-RA with the remote terminal's best (s, z) choice from the 4 
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options that the central office previously sent with C-RATESl, for downstream 
transmission. 



At 146, the central office sends C~RATES-RA to the remote terminal 
5 providing 4 options of (s, z) parameters, transmitted in order of decreasing preference. 
These options are not constrained by previous messages. When preparing 
C-RATES-RA, the central office takes advantage of (gijB^ Uejf, Bdmt) received from the 
remote terminal in R-MSG-RA. The central office determines the effective 
signal-to-noise ratio J^jof the signal from the downstream station in accordance with the 
10 following equation: 



:9.8H-''-°'^°"""*^'^\ (17.12) 



Given the effective signal-to-noise ratio J^^and effective number of subchannels riegy the 
15 central office finds four best or preferred sets of(s,z) for downstream transmission at 

^10"^. Depending on the central office's affinity with the remote terminal, the central 
office may use the (s, z) set from R-RATES-RA, as one of the four best sets of(s,z) 
parameters. In an alternate embodiment, the four sets of(s,z) parameters are not 
distinct. By this time, the central office has measured the upstream signal-to-noise 
20 ratio (77) distribution over a the subchannels. The central office computes jf-/]-//, the 

margin-corrected signal-to-noise distribution. The margin value is typically predefined 
by standard or the central office operator. The central office computes {Z?/,o } and the 
effective number of subchannels rieffof the upstream channel, as described above. The 
central office computes the effective signal-to-noise ratio j^j^ of the upstream channel, as 
25 described above. The central office finds, for upstream transmission, the four best {s, z. 

Sub) triplets at s=10~^, as described above. 
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Also at 146, the central office sends C-MSG-RA to the remote terminal 
providing a potentially revised margin for downstream transmission. 

At 148, the central office receives R-MSG2 with the remote terminal's 
5 estimate of the size of DMT symbol, based on the downstream margin the central office 

sent in C-MSG-RA and the option chosen by the remote terminal in R-RATES2, at 
e=10"^ for downstream transmission. The central office also receives R-RATES2 with 
the remote terminal's best (s, z) option from C-RATES-RA based on the remote 
terminal's downstream channel analysis. 

10 

At 152, the central office sends C-MSG2 to the remote terminal 
providing the margin and DMT symbol size the upstream channel can support. When 
preparing C-MSG2, the central office should take advantage of having measured the 
upstream signal-to-noise ratio (TJ) distribution over the subchannels. The central 

15 office computes the margin-corrected signal-to-noise ratio distribution Yi=rrju, The 

margin value, again, is typically predefined. The central office computes {bi^o}, the 
effective number of subchannels rieg and the effective signal-to-noise ratio Yeff of the 
upstream channel, as described for the remote terminal. The central office then finds 
one or more preferred triplet(s) (s, z, gids) at ^10' , using the equations and methods 

20 described above. The central office computes bi - b^o + gi4B/3Ml, i=l,,,,neff\ 

5^^j=i:min(Z7/,^ &m^jx). The central office sends the number of bits per DMT symbol 
Bdmt obtained for the best set of (s,z) values, with C-MSG2. The best (s,z) set is 
used later in C-RATES2. The central office also sends C-RATES2 to the remote 
terminal, with final downstream and upstream FEC sets. For preparation of 

25 C-RATES2, for upstream transmission, the central office uses the FEC settings 

determined in for C-MSG2. For downstream transmission, the central office uses the 
best (Sy z) set at a code symbol error rate ^of 10"'^, as defined in C-RATES-RA. 
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Altemately, depending on the central office's affinity with the remote terminal, the 
central office may use the set received from the remote terminal in R-RATES2. 

The exchange leads to transmission of detailed bits and gain 
5 information, on a channel by channel basis, at 154 and 156. 

As described above, the central office and remote terminal can 
successfully negotiate FEC parameters to attain the maximum throughput in the 
upstream/downstream directions if they both have f^^zj-associated gcdsinejf, Yeff) 

10 lookup tables in accordance with an embodiment of the present invention, A typical 
problem in the FEC parameters negotiation involving these lookup tables consists of 
the following: given a subset, alternately, the whole set, of(s, z) pairs from Table 1 1 
and a (rieff, feg) pair, determine the maximum net coding gain gn4B from the 
corresponding subset of f5',z>associated net coding gain gn,dB lookup tables, such as 

15 Tables 14-36. This problem reduces to determining the net coding gain gnjs in the 

point {Uejf, Yeff) inside a grid block from four net coding gain gnjs values in the 
vertices of that grid block, (ueffj, Yeffj). ij=h'^,2. 

This problem can be solved using the bilinear approximation inside the 
20 grid block in accordance with the following relationships: 




2^ 8n,dB i^eff ' Yeff,! ) " 8 n,dB {^eff^ ' Yeff a ) 



(18.2) 
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( )~ ( ^ 7efa 7eff , / \ 7eff 

Sn4B y^ejf ^Teff J" 8 n,dB V^eff > Y eff ,\ I ^'^^^ ' '^^-^■^ ^ 



\2 YeffA 



(18.3) 



5 The approximation given by Equations (18.1) to (18.3) is continuous across the 

boundaries of adjacent grid blocks and is well-suited for the slowly changing 
(s, z>associated net coding gain gn^sirieff, Jeff) values shown above in Tables 14 to 36. 



7. Memory management 

10 

Storing all 23 (^,z)-associated net coding gain gnjBi^ejf, Yeff) tables is a 
substantial burden for G.dmt driver code. In one embodiment, the amount of data 
stored is reduced as follows. First, each f^,zj-associated table is stored as a 
one-dimensional array. Second, most of the values in each table are zeroes, and often 
15 several subsequent nonzero net coding gain values gnjB (stored with the precision of 

0.1 dB) are identical. Each net coding gain value gnjB can be stored in an 8-bit 
(unsigned char) field. The 6 least significant bits of each byte are used for data, and 
the 2 most significant bits are used for flags. Specifically, if the net coding gain gnjB 
is nonzero and non-repetitive, the flag bits are both equal to zero. 

20 

Storing a sequence of repeating zeroes uses 1 byte, with the first most 
significant bit set equal to 1 and the second most significant bit set equal to 0, the 
remaining 6 bits representing a repetition index. 



25 



Storing a sequence of repeating nonzero values uses 2 bytes. The first 
byte has the first most significant bit set to 0 and the second most significant bit set to 
1, the remaining 6 bits representing the repetition index. The second byte has the first 
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most significant bit set equal to 1 and the second most significant bit set equal to 1, 
the remaining 6 bits represent the repeating net coding gain value gnjB^ In this case, 
the repetition index should be equal to at least 3. 

5 In one embodiment, the 23 tables storing the net coding gain 

values gn,dB{nejf, Yeff) are determined once during the transceiver initiation session. 
This requires a one-time determination of 4x23 net coding gain gn4B values in the 
vertices of the grid block {nejf,u Yeffj). ij=U..,2., where the point (Ueff, Yeff) belongs. 
Each of the 4 values are substituted into Equations (18.1), (18.2) and (18.3) yielding 

10 23 values of the net coding gain gn,dB(neff, Yeff) which are then used throughout the 

transceiver initiation session. 



8. Generalized method: multicarrier channel vv^ith EEC and ARQ 



15 



20 



As discussed above, ARQ is another method of correcting errors in 
multicarrier channels. The formulas of the generalized method of performance 
evaluation of a DMT channel with EEC and ARQ are presented below. Including 
ARQ results in the following modification of the equations in Sections II and III. 
Equation (16.3) is modified as follows: 



r{K -\-ps + sz) 



-1-1/(0.5-5^+1) 



r{K-hps + sz + l) 



'(k-DKO 5'sz+\)k 



_r{K + ps-\'0.5 ' sz)r(0.5' sz + 2)_ 

(19.1) 



where k represents the maximum number of transmissions allowed for a EEC frame. 



25 
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Equation (16.10) is modified as follows: 



8n,dB{s,z) = 3.01 



K + ps + sz V K + ps 



where vis the average number of transmissions: 



(19.2) 



0.5-sz + l 



{ 0.5-5Z + 1 



(19.3) 



10 



Equation (16.8) is modified as follows: 



1- 
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(19.4) 
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Finally, the definition of ©(K) is modified as follows: 



@{K) - ft) 
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(19.5) 



A method for determining the performance of multicarrier channels with FEC has 
been provided. In an alternate embodiment, the method determines the performance 
of multicarrier channels with FEC and ARQ. A technique for optimizing a 
G.992.2-compliant modem has also been described. In one embodiment, the net 
coding gain attained using the G,992.2 standard is restricted by Equation (8.4). In an 
alternate embodiment, the restriction of Equation (8.4) can be lifted. In an alternate 
embodiment, the method may be used to determine the optimum parameters for other 
types of systems with less restrictive relationships (or with no restrictions at all) 
between the parameters of the DMT frame and data link (FEC/ARQ) layer. In 
another alternate embodiment, the method is appHed to G.992.1 compliant modems. 



Although various embodiments, each of which incorporates the 
teachings of the present invention, have been shown and described in detail herein, 
those skilled in the art can readily devise many other embodiments that still utilize 
these teachings. 



